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ABSTRACT
Osmoregulation in both the xerotolerant yeast S_. rouxii 
(strain YA) and the non-tolerant S_. cerevisiae (strain Y41) 
involves the accumulation of the compatible solute glycerol. 
The intracellular concentration of glycerol increases in a 
similar manner in both yeasts in response to decreased aw
of the growth medium, whether this is adjusted with sodium 
chloride or PEG 200 (polyethylene glycol, average molecular 
weight 200). However, glycerol accumulation occurs by 
different means in the two yeasts. The major factor respons­
ible for the increase in the intracellular concentration of 
glycerol in S. rouxii is that, as the a., of the growth 
medium is lowered, an increased proportion of glycerol is 
retained in the cell but the total amount of glycerol pro­
duced differs only slightly from that when the yeast is grown 
at a high aw in basal medium. In contrast, the production 
of glycerol by S_. cerevisiae increases markedly but there 
are only very minor changes in its retention.
It has been suggested that these different methods of 
glycerol accumulation may be at least partly responsible for 
the different abilities of the two yeasts to tolerate low 
water activities: the method used by S_. cerevisiae is 
wasteful of the cellTs metabolic resources and energy where­
as that in Ŝ. rouxii is relatively conservative. There is 
also evidence that other aspects of metabolism in S_. cere­
visiae , besides those directly related to glycerol production 
are affected by decreased aw , and that this yeast may be
VI
more sensitive metabolically to changes in a than S. 
rouxii.
The mechanism whereby S_. rouxii, but not S_. cerevisiae,
retains a greater proportion of glycerol as the a isw
lowered has not yet been identified but probably involves 
the permeation or transport properties or both of the cell 
membrane. The different fatty acid compositions of the two 
yeasts may be important in this regard.
The increased glycerol production by S. cerevisiae is 
presumably due to the concomitant increases in the levels 
of activity of glycerol-3-phosphate dehydrogenase, though 
other factors including the concentrations of the substrates, 
products and effectors of this enzyme may also be involved.
S_. rouxii contains arabitol as well as glycerol.
Neither the intracellular concentration nor production of
this polyol responds to a . However, its ability to act as
a compatible solute may enhance the tolerance of this yeast,
especially when it is first transferred to a lower a andw
its glycerol content is quite low. Experimental evidence 
suggests that, in S_. rouxii, the activity of the pentose 
phosphate pathway is higher while that of phosphofructokinase 
is lower, than in S_. cerevisiae. Thus, the rate of glycol­
ysis may be relatively low in S. rouxii, and the pentose 
phosphate pathway may provide an alternative and perhaps 
more rapid route for glucose catabolism. It has been
Vil
proposed that the production of polyols, both arabitol and 
glycerol, by the tolerant yeast might be a consequence of 
this type of metabolism.
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INTRODUCTION
The absolute requirement of liquid water for living 
processes has made its availability a major factor in deter­
mining the distribution of life on earth, while its ex­
tremely low availability on Mars (Horowitz, 1977) has pro­
vided strong evidence against the existence there of life, 
at least as we know it. Although water covers approximately 
70% of the earth’s surface there are many dry regions where 
the survival and growth of organisms depend on adaptive 
mechanisms that they have evolved to cope with the water 
shortage.
We generally recognise arid environments as those in 
which there is a lack of physical water, such as deserts, 
but water stress may also be experienced by organisms living 
in conditions where the amount of available water is reduced 
by the presence of solutes. This concept of "physiological 
dryness" was proposed as long ago as 1931 by Walter, and is 
of particular significance in any discussion dealing with 
the water relations of microorganisms. Microorganisms 
obtain their nutrients in solution and so must be in direct 
contact with an aqueous environment. Any decrease in the 
environmental water availability due to the presence of high 
concentrations of solutes will result in a concomitant 
decrease in water status within the microbial cell so that 
thermodynamic equilibrium between the inside and outside of 
the cell is maintained. The tolerance of conditions of low 
water availability by a microorganism depends on its ability
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to regulate its intracellular environment in such a way 
that thermodynamic parity with the exterior is maintained 
yet those metabolic processes necessary for survival and 
growth can still be carried out.
Many specialised microorganisms can do this and so sur­
vive and even thrive in such highly concentrated environ­
ments as the Dead Sea and, on a smaller scale, in foods con­
taining high levels of salts or sugars. Such organisms in­
clude the halophilic bacteria and algae, and xerotolerant 
yeasts and fungi. Thus, the ability to tolerate environ­
ments of low water availability does not seem to be restricted 
to a particular cell type or metabolism. There is further 
diversity in that, for some organisms, such an environment 
is essential and not merely tolerated, and there are large 
variations in the specificities and concentration ranges of 
the solutes tolerated or required.
Despite these differences the phenomenon is basically 
similar and sets the tolerant organisms apart from their less 
tolerant counterparts. A useful approach to any attempt to 
explain tolerance would be to compare the two types of organ­
isms, especially the ways in which they respond to water 
stress. The study to be described here was undertaken to 
try to explain the ability of the xerotolerant yeast Saccha­
romyces rouxii, strain YA, to grow under conditions of ex­
tremely low water availability by comparing its responses to 
water stress with those of the non-tolerant yeast S_. cere- 
visiae, strain YM-1.
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LITERATURE SURVEY
1.0 Biological Water Availability
1.1 Water Activity
Several measurable physicochemical properties of a 
solution may be used to describe its water status. These 
colligative properties, which are dependent on the concen­
trations of the solutes present, are the higher boiling 
point, lower freezing point and lower vapour pressure of 
the solution in comparison with pure solvent, and the osmotic 
pressure.
Before about 1957 microbiologists described water status 
mainly in terms of osmotic pressure but following the ex­
tensive discussion and use of water activity (a ) by Scott 
(1957) this property has been increasingly used. Ingram 
(1957) and Brown (1976, 1978a) have also discussed the ad­
vantages of using a to describe microbial water relations.w
A thorough physicochemical treatment of a and the re­
lated property, water potential, may be found in many texts, 
such as that by Nobel (1974) on which the following brief 
discussion is based.
The aTT of a solution is equal to the mole fraction of w
water in the solution, i.e. the ratio of the number of moles 
of water to the total number of moles of water and solutes
in the solution:
4
a,'w n + Y . n . 
w l 3 3
where n number of moles of waterw
number of moles of solute j
summation over all the solutes
Thus, a or the effective concentration of water, is 
one for pure water, and decreases as the solute concentration 
is increased. For ideal solutions aw is independent of the 
nature of the solute, but the solutions in biological systems 
are usually non-ideal, so aw must be determined experimentally.
By RaoultTs law, for a dilute solution, the mole fract­
ion of water in a solution is equal to the relative water 
vapour pressure of the atmosphere in equilibrium with the 
solution, i.e. the water vapour pressure of the solution in 
comparison with that of pure water. Thus, a is related to 
the lowering of water vapour pressure due to the presence of 
solutes, and to the relative humidity, which is the relative 
vapour pressure expressed as a percentage. Relative humidity 
can be measured, so providing a method of determining a .
a, P R.H.%w .01
where p water vapour pressure of the solution
Po = water vapour pressure of pure water 
R.H. = relative humidity
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Scott (1957) has described in detail methods for pre­
paring solutions with certain water activities by equili­
bration with solutions with the same a , or by calculationsw
based on water sorption isotherms where water content is 
plotted against a •
W
The relation between a and osmotic pressure is givenw
by the equation:
RT
* = - r in aww
where 7r 
R 
*T 
Vw
osmotic pressure (bars)
. 08314- litre-bars moles  ̂K0”"*" 
temperature (K°)
partial molal volume of water, or the differ­
ential increase in volume of a solution due to 
the addition of a mole of water (litre-mole” "̂)
Thus, as a decreases, and concentration increases,
W
osmotic pressure increases. The dependence of osmotic press­
ure on concentration is described by the van’t Hoff relation, 
which for a solution of real solutes in an ideal solvent is 
described by the equation:
7T = RT y . y . c .
l 3 j 3
where tt is measured in bars, R, T, ^  are as previously, and 
Yj and Cj are the activity coefficient and molal concentration
6
of the solute j.
The osmotic pressure of a solution is measured in an 
osmometer in which it is separated from pure water by a 
semi-permeable membrane through which only water can pass.
The hydrostatic pressure necessary to prevent water flowing 
into the solution is the osmotic pressure and so, by definit­
ion, cannot be measured for an isolated solution. Brown
(1976) has described some of the confusion among researchers 
about the exact meaning of the term, especially when applied 
to such a solution. In an attempt to clarify the issue some 
workers have introduced the concept of osmotic potential.
This is described by Nobel (1974) as having the same absolute 
value as the osmotic pressure measured for the solution in 
an osmometer but with the opposite sign, so that it is
positively related to a .w
1.2 Water Potential
Another useful concept to describe microbial water 
relations is water potential. This quantity is related to 
the chemical potential of water by the equation:
$
^w ^w
Vw
where ip
yw
. _water potential (joules litres )
chemical potential of water in the solution
7
standard chemical potential of water
Vw partial molai volume of water (litres moles” )̂
Thus, water potential describes water in a solution in 
terms of its free energy, i.e. its potential for doing work, 
or the amount of work which is required to obtain water 
from the solution - in other words, the water availability.
The relation between water potential and a is describedw
by the equation:
where P is the hydrostatic pressure in bars, and the other 
terms are as described previously. Terms for electrical and 
gravitational potentials can normally be ignored in micro­
organisms (see Brown, 1976).
RT
—  Ina + P— wV 'w
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2.0 Tolerance of Low Water Activities by Microorganisms
2.1 General Considerations of Tolerance
Tolerance is defined here as the ability of an organism 
to grow, not just survive, under the specified conditions.
An organism would not be considered tolerant of a given aw 
if it remained viable by adopting a resistant resting state 
such as a spore, or if certain cell functions continued but 
it did not reproduce. As an example of the latter case, 
the yeasts Saccharomyces cerevisiae and S_. rouxii can respire 
at a 0.90 (adjusted with polyethylene glycol 200 (PEG 200)), 
but there is no increase in cell numbers (Anand, 1969).
Table 1 shows that the ability of microorganisms to 
grow at low water activities is not restricted to a particu­
lar type of cell or metabolism. All the major groups of 
microorganisms, with the probable exception of the protozoa, 
have members much more tolerant of low water activities than 
most plant and animal cells, which normally cannot grow at 
water activities less than about 0.99 (see Brown, 1978a). 
Moreover, there have so far been no reports of any cell able 
to grow at a lower a than 0.605, that limiting for the growth 
of the xerophilic fungus Xeromyces bisporus (Pitt and Christ­
ian , 1968).
The nomenclature used to describe microorganisms growing
in environments of low ar, has been the subject of considerablew
debate (for example, see Ingram, 1957), and has undergone
several changes. Recent reviews on microbial water relat­
ions (Brown, 1978a; Kushner, 1978) use the terms halophilic 
bacteria and algae, xerotolerant and xerophilic yeasts and 
fungi.
Their natural environments tend to be those regions 
where they encounter the relevant solutes at concentrations 
at the upper ends of their tolerance ranges. Detailed des­
criptions of their ecological distributions may be found in 
numerous reviews including those by Scott (1957), Ingram 
(1957), Brown (1976), Kushner (1978), Onishi (1963), the 
last mentioned being concerned mainly with yeast. Halophilic 
bacteria have been isolated from the Dead Sea, salt lakes, 
salterns, and may be responsible for the spoilage ("rusting") 
of salted meat products; halophilic algae have a similar 
distribution in hypersaline waters ; xerotolerant and xero­
philic yeasts and fungi may be implicated in the spoilage 
of foods containing high concentrations of sugars or salts ; 
these yeasts are also used in the manufacture of oriental 
food products, such as soy sauce, which involves ferment­
ations at high salt concentrations.
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Table 1. Limiting Water Activities for Microbial Growth
Classification Organism aw
“ 1
Reference
BACTERIA
Non-halophilic Bacillus mycoides 0.990 Burcik (1950)
Salmonella spp. 0.945 Christian and 
Scott (1953)
Micrococcus
roseus
0.925 Christian and 
Waltho (1961)
Halotolerant Staphylococcus
aureus
0.860a Christian and 
Waltho (1962a)
Moderately Paracoccus 0.824ac Novitsky and
halophilic halodenitrificans Kushner (1976)
Extremely
halophilic
Halobacterium
halobium
0.750ac Brown (1964)
BLUE-GREEN ALGAE
Halophilic Aphanothece
halophytica
0.750aC Brock (1976)
EUKARYOTIC ALGAE
Marine Dunaliella
tertiolecta
0.934a Borowitzka 
and Brown (1974)
Halophilic Dunaliella
viridis
0.800aC Borowitzka 
and Brown (1974)
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Table 1 (continued)
Classification Organism ■ aw Reference
\
YEASTS
Non-tolerant Saccharomyces 0.917b Onishi (1957a)
cerevisiae 0.917a This thesis
Xerotolerant Saccharomyces 0.620b Schachinger
rouxii and Heiss (1951)
0.8 7 3a This thesis
Debaryomyces 0.820a Norkrans (1966)
hansenii
FUNGI
Normal Penicillium spp. 0.900 Kushner (1978)
0.800
Xerophilic Xeromyces be0.605dc Pitt and
bisporus Christian (1968)
a. Major solute used to adjust aw was salt
b. Major solute used to adjust aw was a sugar
c. These organisms also have maximum a tolerancew
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2.2 Bacteria
Halophilic bacteria, as the name implies, specifically 
require considerable concentrations of NaCl for growth and 
can tolerate this salt at very high concentrations, in some 
cases as high as saturation (5.2M). To describe more pre­
cisely the various salt requirements and tolerances within 
this group, Kushner (1978) has subdivided it into moderate, 
borderline extreme and extreme halophiles. Moderate halo­
philes grow best in 0.5 to 2.5M salt, borderline extreme 
halophiles in 1.5 to 4M salt, and extreme halophiles in 2.5 
to 5.2M salt. Buchanan and Gibbons (1974) described extreme 
halophiles as needing 2-2.6M NaCl for growth, probably a 
more satisfactory basis for classifying microorganisms with 
a requirement for a high solute concentration.
Extreme halophiles are classified in the genera Halo- 
bacterium (Gram negative rod) and Halococcus (Gram positive) 
(Brown, 1976). Borderline extreme halophiles include an 
actinomycete, Actinopolyspora halophila (Gochnauer et all., 
1975) and a photosynthetic purple sulphur bacterium, 
Ectothiorhodospira halochloris (Imhoff and Trilper, 1977). 
Both have a slightly lower minimum salt requirement (1.7M) 
than the extreme halophiles. Moderate halophiles, as listed 
by Kushner (1978), include Micrococcus, Vibrio and Pseudo­
monas species.
The requirement for NaCl is specific for both moderate 
and extreme halophiles; it cannot be completely replaced
by either other salts or non-electrolytes (Brown and 
Gibbons, 1955; Christian and Waltho, 1962a; Novitsky and 
Kushner, 1975).
Temperature may have a considerable effect on the salt 
relations of halophilic bacteria. Christian (1956) re­
ported that both the tolerance of and minimum requirements 
for NaCl of Halobacterium halobium increased with increased 
temperature. Similarly, the NaCl requirement of the moder­
ate halophile, Planococcus halophilus increased from less 
than 0.OIK at 20°C to 0.5M at 25°C (Novitsky and Kushner, 1976). 
The relationship between temperature and salt concentration 
is further demonstrated by reports that the optimal growth 
temperature of Halobacterium spp. is 40°-50°C which is high 
for Gram negative bacteria (Gibbons and Payne, 1961), and 
that the maximum growth temperature of H. halobium may be in­
creased by raising the NaCl concentration of the medium 
(Christian, 1956).
These interactions between temperature and salt re­
lations can be explained in terms of their opposing effects 
on molecular motion, which is increased when the temperature 
is raised and restricted by salts (Brown, 1964). Tempera­
ture induced disruption of the cell envelope may be pre­
vented by the high salt concentrations in the medium, while 
components within the cell may be protected against similar 
damage by the high intracellular salt concentrations in 
halophiles (see, for example, Christian and Waltho, 1962b).
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Halotolerant bacteria can tolerate, but do not require, 
high concentrations of NaCl. An extreme case is that of 
Staphylococcus epidermidis which can grow in 4M NaCl 
(Komaratat and Kates, 1975). They also differ from the 
halophiles in that they grow best at the lower end of the 
tolerated concentration range, and that in the case of at 
least one species, S_. aureus, tolerance is not solute speci­
fic; the aw limiting growth in sucrose (0.88) is quite 
similar to that in salts (0.86) (Christian and Waltho,
1962a).
2.3 Algae
Both halotolerant and halophilic blue-green algae have 
been isolated. Kao et al. (1973) reported that Coccochloris 
elebans could tolerate 4.2M NaCl. Aphanothece halophytica 
is described as halophilic since it requires more than 0.6M 
NaCl for growth, but tolerates saturated NaCl (Brock, 1976).
Among the eukaryotic algae the genera Chlamydomonas 
and Dunaliella, which are unicellular, green and flagellated, 
contain species able to grow at low water activities. A 
species of Chlamydomonas which can grow in 1.7M NaCl and 
requires 0.34M NaCl has been reported (Okamoto, 1962).
Three species of Dunaliella have outstanding tolerance pro­
perties: the NaCl concentration ranges allowing growth of
Dunaliella parva, D. viridis and D. salina have been re­
ported as 0.6M to 22.05M (Ben-Amotz and Avron, 1973), 1.3M
to 4.8M (Borowitzka and Brown, 1974), and 0.34M to 5.2M
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(Loeblich, 1972) respectively.
Description of these algae as "halophilic", at least 
in the case of D. viridis, may not be entirely accurate. 
Borowitzka et_ a!L. (19 77) reported that, for this species, 
all but a minimal salt requirement (.05M) could be replaced 
by sucrose, though growth in sucrose-containing media 
differed from that in media supplemented with high concen­
trations of salt in that
(i) at comparable water activities growth rates were 
lower, and
(ii) growth rates were independent of the concentrat­
ion of sugar.
Furthermore, its usual requirement for 1.6M NaCl could be 
reduced to 0.3M by "training”, i.e. successive transfers 
through a series of decreasing NaCl concentrations. There 
seem to be no reports of similar alterations in the salt 
requirements of the halophilic bacteria; Christian (1955) 
and Kushner (1978) have reported that extreme halophilism in 
bacteria is a very stable characteristic. The maximum NaCl 
concentration tolerated by the marine alga, D. tertiolecta, 
may be increased from 1.6M to 3.4M by serial transfers 
through an increasing concentration gradient (Borowitzka et_ a]L. , 
1977). Thus the distinction between "tolerant" and "non­
tolerant" algae is by no means clear-cut. As for the halo­
philic bacteria there are interactions between the tempera­
ture and salt relations of the algae. D. tertiolecta can 
tolerate higher salt concentrations at 30°C than at 26°C 
(unpublished results of Kessly reported by Brown, 1978a),
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while Eh viridis has a higher* optimal growth temperature 
(37°C) (Loeblich, 1972) than D. teptiolecta (20°C) (Gibop, 
1956; Eppley and Coatswopth, 1966).
2.4 Yeasts
Yeasts tolerant of low water activities have been 
classified in the genera Saccharomyces, Debaryomyces, Han- 
senula, Pichia, and Torulopsis (for many examples see Onishi, 
1963; Spencer, 1968). Tolerant yeast-like fungi have also 
been described, e.g. Moniliella tomentosa (Dooms et al., 19 71).
There has been considerable debate over the nomencla­
ture used to describe such yeasts (see Ingram, 1957; Onishi, 
1963). "Osmophilic" yeasts described by von Richter (1912) 
as those able to grow well in environments of high osmotic 
pressure were more precisely defined by Scarr and Rose (1966) 
as being able to grow in solutions containing more than 65% 
(w/w) sugar. Anand and Brown (1968) preferred the term 
"sugar tolerant",for yeast tolerant of, but not requiring, 
low water activities. They were redesignated "xerotolerant" 
by Brown (1976) since they could tolerate high concentrations 
of other solutes besides sugars. He described yeast requir­
ing, not merely tolerating, high solute concentrations as 
"xerophilic".
While xerotolerant yeasts can grow in high concentrat­
ions of sugars and salts (thoroughly reviewed by Onishi,
1963), and in concentrated solutions of PEG 200 (Anand and
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Brown, 1968), the degree of tolerance depends on the solute.
Onishi (1957a) reported that strains of S_. rouxii could grow
at higher osmotic pressures (or lower water activities) in
glucose and sucrose than in NaCl. The a limiting thew
growth of several xerotolerant yeasts was higher when ad­
justed with PEG 200 than when sugars were used (Anand and 
Brown, 1968).
In some cases use of the limiting a for growth as thew
only criterion for distinguishing tolerant from non-tolerant 
yeasts may be misleading; Anand and Brown (1968) reported 
that growth of the tolerant yeast S_. rouxii and the non­
tolerant S_. cerevisiae was limited by quite similar concen­
trations of PEG 200, but at higher water activities the de­
crease in growth rate of the latter species was much more 
marked.
Even within the same species, tolerance of various solutes 
may differ considerably between strains (Onishi, 1957b;
Anand and Brown, 1968).
There have been several reports that the ability of 
xerotolerant yeast to grow at high sugar or salt concentrat­
ions is reduced by prolonged cultivation on dilute media 
but tolerance can again be increased by transfer through a 
series of increasing solute concentrations (Ingram, 1950; 
Scarr, 1951; English, 1954; Onishi, 1957a). The non­
tolerant yeast S_. cerevisiae has also been "trained" to grow
at higher sugar concentrations though final tolerance was
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still not as great as for the xerotolerant species (Gray,
194-6 ; Whalley and Scarr, 1947). Thus, as for algae, 
division into tolerant and non-tolerant classes is by no 
means clear-cut. However, both the literature (see section 
4) and results reported in this thesis provide ample evid­
ence of physiological differences indicating the existence 
of two distinct groups of yeasts.
The isolation of xerophilic yeast from concentrated 
environments is rare in comparison with that of xerotolerant 
types, but there have been a number of reports of such 
yeasts unable to grow in dilute media (Lochhead and Heron,
1929; Kroemer and Krumbholtz, 1931; Onishi, 1960a; Anand 
and Brown, 1968; Koh, 1975; Munitis et al.,1976).
There is an obvious relationship between the effects 
of temperature and solute concentrations on the growth of 
both xerotolerant and xerophilic yeasts. The ability of 
xerotolerant yeasts to grow at higher temperatures in the 
presence of sugars or salts has been reported by Ingram (1950), 
English (1954), Onishi (1959), and Gibson (1973).
The requirements for reduced water activities by xero­
philic yeasts may sometimes be alleviated by growth at 
lower temperatures (Lochhead and Heron, 1929; Kroemer and 
Krumbholtz, 1931; Onishi, 1960a; Brown, 1976).
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2.5 Fungi
"Xerophilic" has been used to describe fungi able to
grow below aTT 0.85 (Pitt, 1975) or a 0.80 (Heintzeler, w w
1939). But since this term implies a requirement for re­
duced a^ it would seem desirable to restrict its use to fungi 
such as Eremascus albus (Harrold, 1950) and Xeromyces bis- 
porus (Pitt and Christian, 1968) which will not grow at 
water activities greater than 0.98 and 0.97 respectively, 
and to describe those tolerant of low water activities but 
able to grow in dilute media as xerotolerant.
Most fungi able to grow below a 0.85 are ascomycetes 
(Pitt, 1975). Examples of genera containing xerotolerant 
species and the water activities limiting their growth are 
given in Table 1 in Brown (1976). The very low water acti­
vities (0.70 to 0.605) tolerated by some species are a 
notable feature of fungal water relations, the most extreme 
case being that of Xeromyces bisporus already described (see 
section 2.1).
Xerotolerance in fungi has not been studied as extens­
ively as in yeast, possibly because of the difficulties in­
volved in fungal growth measurements. Studies reported by 
Scott (1957) indicate that high concentrations of both salts 
and sugars are tolerated. There has been a report of a re­
duction in salt requirement at a lower growth temperature 
for a marine fungus, Zalerion eistla (Ritchie and Jacobsohn, 
1963).
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3.0 Responses to Decreased Water Activity
3.1 Early Explanations of Tolerance of Low Water Activity
Ingram (1957) saw the main problem confronting organ­
isms growing in high solute concentrations as being the 
inhibition of their enzymes by such solutions. He described 
two hypotheses which had been proposed to resolve this: 
either the solutes did not penetrate the cell and the cell 
remained dilute with respect to the environment, or there 
was equilibration of the extracellular solutes with the cell 
interior, but enzymes were resistant to such concentrations.
There is considerable evidence, both direct and based 
on thermodynamic principles against these proposals. Brown 
(1964) pointed out that a cell has no means of retaining 
water against a concentration gradient and so cannot maintain 
a dilute interior with an a^ greater than that of its en­
vironment. There is much experimental data supporting this, 
including direct measurements of solute concentrations in 
bacterial, yeast and algal cells (Christian and Waltho,1962b; 
this thesis; Borowitzka and Brown, 1974), the lower freezing 
points of "pastes" of halophilic bacteria in comparison with 
those of their growth media (Christian and Ingram, 1959) 
and the precipitation of bacterial cells from concentrated 
media by centrifugation (Christian, 1956).
The salt resistance of the enzymes of extremely halo­
philic bacteria reported by Baxter and Gibbons (1954) seemed 
to provide evidence supporting the second hypothesis.
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Subsequent work (e.g. Christian and Waltho, 1962b; Arm­
strong, 1975) has shown that these bacteria contain high 
concentrations of K+ ions rather than the Na+ ions of the 
growth medium and that their enzymes are equally or more 
active in the presence of KC1 than NaCl (Lanyi, 1974).
Some workers have claimed that the Na+ ions in the 
medium equilibrate with the cells of halophilic species of 
Dunaliella (Marré and Servattaz, 1959; Rabinowitz et al., 
1975). But measuring the intracellular concentrations of a 
solute which is also the major component of the medium is 
subject to considerable error, as has been discussed by Boro- 
witzka and Brown (1974). Enzymes of several species of 
Dunaliella have been shown to be inhibited by Na+ concentrat­
ions much less than those in which the algae can grow (John­
son et al., 1968; Ben-Amotz and Avron, 1972; Heimer, 1973; 
Borowitzka and Brown, 1974).
Isocitrate dehydrogenase from the xerotolerant yeast 
S_. rouxii is severely inhibited by NaCl (Anand, 19 69 ) and 
sucrose (Brown and Simpson, 1972) at concentrations far lower 
than those limiting growth (this thesis; Anand and Brown, 
1968). Onishi (1963) reported that the cell-free extract 
from a yeast able to grow in 18%(w/v) NaCl could not metabol­
ise glucose under these conditions.
Moreover, accumulation of the major extracellular solute 
is unnecessary in tolerant microorganisms which contain high 
levels of another solute sufficient to maintain osmotic
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balance with their concentrated growth media (see section 
3.3). Borowitzka and Brown (1974) point out that accumu­
lation of extracellular Na+ by Dunaliella cells containing 
high levels of glycerol would probably result in an intra­
cellular osmotic pressure too great for this fragile cell to 
withstand.
Finally, Brown (1978b) has argued against this second 
hypothesis on thermodynamic grounds; an essential feature 
of a growing cell is that it is far from equilibrium with its 
environment; water equilibrates across the cell membrane 
which is freely permeable to it; to avoid a situation at or 
close to equilibrium, the major extracellular solute cannot 
behave similarly.
3.2 Effects of Decreased Water Activity on Intracellular
Solute Concentrations
Since the a of a cell is always equal to or less than w
that of the medium, when the extracellular solute concentrat­
ion is increased there must be a reduction in intracellular 
aw . Excluding equilibration with the major extracellular 
solutes, this may be achieved by loss of water or by increas­
ing the intracellular concentrations of one or more solutes.
The adaptation of a cell to growth in a more concentrated 
medium has been described as occurring in two stages (Brown, 
1976, 1978b; Brown and Borowitzka, 1979; Zimmermann, 1978). 
Immediately the cell encounters the new environment there is
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a rapid loss of water so that thermodynamic equilibrium 
with the lower external arT is maintained. This may be 
accompanied by shrinkage of wall-less cells, as has been ob­
served for the algae Dunaliella salina (Marrfe et a3_. , 19 58) 
and Platymonas subcordiformis (Kirst, 1978), or by a decrease 
in turgor in walled cells.
Some of the extracellular solute may also enter tempor­
arily in the latter part of this stage, though it will subse­
quently be removed. Temporary accumulation of Na+ in Platy­
monas subcordiformis transferred to a higher NaCl concen­
tration has been reported (Kirst, 1978).
In the second stage one or more solutes are accumulated
in the cell. This may occur either by transport from the
exterior or by metabolic conversions within the cell, or
both. These increased solute concentrations result in a
further decrease in intracellular a . This is restored tow
a level such that thermodynamic parity with the environment 
is maintained by an influx of water.
By this process of osmoregulation, the desired reduction 
in aw has been achieved without any major changes in the 
water content of the cell. This is essential for its con­
tinued functioning and growth. There is now much evidence 
that intracellular water structure is crucial in maintaining 
the conformation and hence activity of macromolecules (for 
example, see Klotz, 1965). Any events, such as loss of water, 
which disturb this structure are likely to affect macro­
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molecular stability and so vital cell processes.
Survival of the fully adapted organism depends on its 
ability to function under the resulting new intracellular 
conditions, and maintain osmoregulatory solutes at the 
required levels. This is discussed further in sections 3.4 
and 3.5.
Thus tolerance may be explained in terms of the ability 
of the organism to survive an initial phase of dehydration, 
then to accumulate a solute to appropriate levels, and 
finally to function with the resulting altered intracellular 
environment.
Osmoregulation, involving increases in the intracellular 
concentrations of one or a few solutes in response to de­
creases in extracellular a has been described in many organ­
isms likely to encounter water stresses in their natural 
environments. It occurs not only in those microorganisms 
distinguished by their tolerance of or requirement for high 
solute concentrations, but also those able to grow only at 
relatively high water activities. Nor is it restricted to 
microorganisms. The cells of osmoconforming invertebrates 
such as crustaceans and molluscs (Schmidt-Nielsen, 1975) res­
pond in this way to changes in the concentrations of their 
body fluids due to fluctuations in the ar, of the external 
environment. The phenomenon is also shown by plant tissues 
subjected to water stresses.
25
Table 2 illustrates the widespread occurrence of osmo­
regulation and the relatively small number of different 
types of solutes apparently involved. For the examples 
given these seem to be the major but not necessarily the 
only osmoregulatory solutes. Identification of such solutes 
requires the demonstration of increases in their intra­
cellular concentrations in response to water stress, though 
compounds which are present in high concentrations in cells 
growing at low water activities may be suspected of having 
such a role. Moreover, increases in solute concentrations 
must be sufficient to make a major contribution to, if not 
completely account for, osmotic balance of the intracellular 
environment with the medium. Thus cells growing at very low 
water activities may contain osmoregulatory solutes at con­
centrations of several molal. Many examples of these as­
pects of osmoregulation can be found in the references given 
in table 2.
3.3 Possible Mechanisms of Osmoregulation
There is still much speculation about the regulation of 
intracellular solute concentrations by extracellular a 
Various aspects of the problem have been discussed in recent 
reviews such as those by Cram (1976), Hellebust (1976), Brown 
(1976, 1978a, 1978b), Brown and Borowitzka (1979) and 
Zimmermann (19 78). Both the accumulation of solute when'the 
cell is transferred to a more concentrated environment and 
the maintenance of these solute levels in the cell adapted 
to and growing in the new conditions must be regulated, but
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Table 2. Some examples of intracellular solutes, the con­
centrations of which increase in response to decreased 
water activity.
Organism Description Solutes References
BACTERIA
Pseudomonas Non-tolerant Glutamate Measures (1975)
aeruginosa bacterium K+
Escherichia Non-tolerant Glutamate Measures (1975)
coli bacterium Aminobutyrate
Proline K+
Staphylococcus Halotolerant Proline Measures (1975)
aureus bacterium
Halobacterium Halophilic K+ Christian and
salinarium bacterium Waltho (1962b)
ALGAE
Ochromonas Freshwater Isofloridoside Kauss and
malhamensis brown alga Schobert (1971)
Stichococcus Freshwater Proline Brown and
bacillaris green alga Sorbitol Hellebust (1978)
Platymonas Brackish water Mannitol Kirst (1975)
subcordiformis green alga
Monochrysis Marine brown Cyclohexane- Craigie (1969)
lutheri alga tetrol
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Table 2 (continued)
Organism Description Solutes References
ALGAE
Lichina Marine blue- Mannosido- Feige (1972)
pygmaea green alga mannitol
lichen
Navicula sp. Marine diatom Proline Borowitzka
(1978)
Dunialiella Marine green Glycerol Borowitzka and
tertiolecta alga Brown (1974)
Dunaliella Halophilic Glycerol Borowitzka and
viridis green alga Brown (1974)
-- * ............ — -——
PROTOZOA
Tetrahymena Freshwater Amino acids Stoner and
pyriformis ciliate Dunham (1970)
Miamiensis Marine ciliate Amino acids Kaneshiro et
avidus al. , (1969)
FUNGI
Dendryphiella Marine fungus Arabitol Jennings (1973)
salina Mannitol
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Table 2 (continued)
Organism Description Solutes References
YEASTS
Saccharomyces Non-tolerant Glycerol This thesis
cerevisiae yeast
Saccharomyces Xerotolerant Glycerol This thesis
rouxii yeast
Debaryomyces Xerotolerant Glycerol Gustafsson and
hansenii yeast Norkrans (1976)
PLANTS
Chloris gayana Glycophyte Glycinebetaine Storey and
Wyn Jones (1975)
Suaeda Halophyte Glycinebetaine Flowers and
maritima Hall (1978)
Triglochin Halophyte Proline Stewart and
maritima Lee (1974)
ANIMALS
Crustaceans Osmoconforming Amino acids Florkin and
Molluscs marine Schoffeniels
invertebrates (1965)
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most work has so far dealt only with the mechanisms respons­
ible for the initial increase in solute levels.
Certain information about the nature of the osmo­
regulatory response is required before the mechanisms in­
volved can be postulated. It is necessary to identify (i) 
the solutes involved and their origins, either the external 
medium or intracellular metabolism; (ii) the mode of syn­
thesis of a metabolically derived solute; (iii) the site or 
sites at which regulation occurs; (iv) whether metabolic 
regulation involves induction or repression of enzyme syn­
thesis or changes in the activities of enzymes already 
present; (v) the signal mediating the effects of decreased
external a on intracellular solute concentrations, w
Brown (1978b) has suggested that, in halophilic bacteria, 
regulation of intracellular K+ concentrations involves both 
active uptake of the ion from the medium and its passive 
diffusion from the cell, the final levels reached depending 
on the maintenance, by these processes, of a thermodynamic 
balance between internal and external water and electro­
chemical potentials. Accumulation of K+ against concentration 
gradients as high as 1,000:1 (Ginzburg et_ al. , 1971) has been 
the subject of considerable discussion (see, for example, 
Kushner, 1978). Its retention does not seem to require a 
large energy expenditure (Ginzburg et_ al., 1971), and while 
Ginzburg and Ginzburg (1976) suggested that it is bound within 
the cell, Lanyi and Silverman (1972) could find no evidence 
for this. Lanyi and Hilliker (1976) claimed that the rate
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of passive K+/Na+ exchange across cell envelope membranes 
was sufficient to account for the slow K+ loss from Halo- 
bacterium halobium, and it was unnecessary to postulate 
binding to account for its retention.
Unlike ions, such as K+, most, if not all organic osmo­
regulatory solutes (for examples, see table 2) are metabolic 
products. This does not necessarily imply that their intra­
cellular concentrations are regulated at metabolic sites.
The osmoregulatory responses of intracellular glycerol levels 
in the xerotolerant yeast, S_. rouxii, to be discussed in this 
thesis, may be cited in this regard. Even when the same 
solute is involved different reaction sequences may be res­
ponsible for its synthesis in different organisms; experi­
mental evidence suggests that the immediate precursor of 
glycerol is dihydroxyacetone in species of Dunaliella (Boro- 
witzka et al. , 1977) but dihydroxyacetone phosphate in S_. 
cerevisiae (Gancedo et al. , 1968 ; this thesis).
Regulation of the accumulation of the same solute by related 
organisms may involve different mechanisms, as seems to be 
the case for the xerotolerant yeast ¡3. rouxii and the non­
tolerant S_. cerevisiae (this thesis).
In S_. cerevisiae, increases in the production and intra­
cellular concentrations of glycerol in response to decreased 
a are accompanied by increased levels of an enzyme activity 
involved in glycerol synthesis, sn-glycerol-3-phosphate 
dehydrogenase (this thesis). This suggests that osmoregul­
ation in this organism involves changes in the amount of
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enzyme protein, possibly due to induction of its synthesis. 
There have been several reports of increases or decreases 
in the levels of various enzyme activities in the cells or 
protoplasts of various plant tissues subjected to water 
stress (see, for example, Todd, 1973; Ldzdr et al., 1973; 
Armstrong and Jones, 1973; Dhindsa and Cleland, 1975; 
Premecz et al., 1977). Armstrong and Jones (1973) suggested 
that the observed dissociation of polyribosomes to monosomes 
in barley aleurone cells, could be responsible for decreases 
in enzyme levels, but there seems to be no such evidence as 
yet of changes in protein synthesis to account for increases 
in enzyme activities. Premecz et al. (1977) reported that 
the proline concentration in tobacco leaf protoplasts in­
creased in response to decreased a ; but the enzymes whichw
they investigated and the levels of which were affected by 
water stress, were not directly involved in the metabolism 
of this osmoregulatory solute. However, these observations 
indicate that decreased aw can affect protein and so enzyme 
synthesis, and suggest at least one site at which it might 
act.
Several workers have suggested that changes in the 
activities of preformed enzymes, rather than induction or 
repression of enzyme synthesis, is involved in osmoregulation 
in various organisms.
Since the accumulation of isofloridoside in Ochromonas 
malhamensis and glycerol in Dunaliella tertiolecta and D. 
viridis is not prevented by protein synthesis inhibitors,
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Kauss and Schobert (1971) and Borowitzka et al. (1977) pro­
posed that changes in the activities of existing enzymes 
were responsible for regulation of the levels of the respect­
ive solutes. Factors which could be involved in regulation 
of the relevant enzyme in Dunaliella including pH, and sub­
strate and product concentrations, have been discussed 
recently by Brown and Borowitzka (1979). Schoffeniels (1976) 
thought that increased levels of amino acids in the tissues 
of marine invertebrates transferred to a more concentrated 
medium could be due to the effects of the resultant changes 
in intracellular ion concentrations, in increasing the activity 
of glutamate dehydrogenase, but decreasing those of lactate 
and glycerol-3-phosphate dehydrogenases.
There is little known as yet about the "signal" involved 
in the osmoregulatory response, and most discussions of the 
subject have been largely speculative; for example, see 
Cram (1976), Hellebust (1976), Brown and Borowitzka (1979),
Z immermann (19 7 8).
Cram (1976) and Hellebust (1976) proposed a model which
received support from the work of Coster et_ al. (1977), and
has recently been described in more detail by Zimmermann
(1978). They suggested that the effects on the cell membrane
of the turgor or volume changes or both resulting from the
water efflux from the cell when the external a , was loweredw
constituted the primary signal. Turgor changes would be 
more important in walled cells, volume changes in wall-less 
cells. Although these authors were concerned mainly with
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plant and algal cells, the model involves an event probably 
occurring in all cells subjected to water stress, and a 
structure common to all cells. Thus it may provide a basis 
for the investigation of the osmoregulatory signal in other 
types of cells.
Coster et al. (1977) provided evidence that forces 
due to turgor pressure can compress or stretch membranes. 
Berezin et_ al. (1974) reported that compressive forces
applied to gels containing enzymes altered the activities of 
the enzymes. Thus Zimmermann (1978) suggested that turgor 
induced changes in membrane conformation could affect enzyme 
and other activities associated with membranes; volume 
changes could have similar effects.
Gutknecht (1968) showed that changes in intracellular 
hydrostatic pressure had marked effects on K+ fluxes in the 
marine alga, Valonia, while Zimmermann and Steudle (1974) 
reported that alterations in the electrical properties of 
the algal membranes accompanied such pressure changes. The 
membranes of plant protoplasts, transferred to a more concen­
trated medium, also have altered electrical properties 
(Racusen et al., 1977).
The decrease in volume of red blood cells when they were
transferred to a medium of lower a was accompanied by changesw
in Na+ and K+ fluxes (Elford and Solomon, 1974). It was 
suggested that the "shrinkage" of the cell membrane altered 
its conformation and so permability to various substances.
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Accumulation of osmoregulatory solutes could be a 
direct consequence of such changes in membrane properties. 
These changes could have a similar effect, more indirectly, 
if they resulted in altered levels of ions or metabolites 
which, in turn, affected enzyme activities regulating the 
concentrations of these solutes.
Decreasing the external aT7 will alter the water content 
of cells, at least in the initial phases of adaptation, and 
so the concentrations of intracellular constituents such as 
H and other ions, as well as substrates and effectors of 
enzyme activities. Hsiao (1973) and Brown and Borowitzka 
(1979) have suggested that such changes could also be signals 
involved in the osmoregulatory response, acting by affecting 
enzyme activities.
Finally, the signal regulating intracellular responses 
to external agents such as hormones is often a "chemical 
messenger" such as cyclic AMP, the concentrations of which 
increase when the agents bind to specific receptors on cell 
surfaces (for examples, see Cuatrecasas, 1974). However, 
different types of solutes elicit a similar osmoregulatory 
response; this has been observed in algae (Wegmann, 1971; 
Kauss and Schobert, 1971; Kirst, 1975; Borowitzka et al., 
1977), protozoa (Kaneshiro et al., 1969; Stoner and Dunham, 
1970), and yeast (this thesis). Plants respond in a similar 
manner to water stress due to either drought or high solute 
concentrations (Moore, 1975). The response seems to be to 
a rather than a particular solute, so solute specific
W
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receptors are unlikely to be involved. A more likely 
possibility would be a "aw sensitive" receptor. However, 
there is no evidence so far suggesting that cyclic AMP or 
similar compounds are involved in the response to decreased
3 . M- Compatible Solutes
While osmoregulation allows cells to achieve thermo­
dynamic parity with a lower external a^ without the damaging 
effects due to a large permanent decrease in water content 
which might otherwise occur, continued growth in this 
environment depends on metabolism operating under conditions 
of diminished aTT and high concentrations of intracellular 
solutes. Thus, as was mentioned in section 3.2, different 
degrees of tolerance of water stress may be partly explained 
in terms of the abilities of cells to function in a state 
fully adapted to a lower external a . Brown (1976) proposed 
that microorganisms distinguished by their high degrees of 
tolerance either have proteins which are different from 
those in less tolerant organisms and better able to function 
in the intracellular environment resulting from low external 
aw , or the nature of the osmoregulatory solutes accumulated 
is such that cell processes are not markedly affected by 
these extreme conditions.
The tolerance of, and requirement for high salt concen­
trations by extremely halophilic bacteria can be explained 
both in terms of the nature of their cellular components
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(see section 3.6) and of the major solute, K+ , involved in 
osmoregulation, as will be discussed later in this section.
But the former mechanism does not seem to operate in 
other organisms. As discussed by Kushner (1978), the en­
zymes of moderately halophilic bacteria have so far not been 
shown to differ markedly from those of non-halophilic 
bacteria. Investigations of an enzyme from the xerotolerant 
yeast, Saccharomyces rouxii, indicated it was no different 
from that in the less tolerant S3. cerevisiae (Brown, 1974). 
Similar observations were made for two enzymes from the halo­
philic alga Dunaliella viridis and the marine species D. 
tertiolecta (Borowitzka and Brown, 19 74-; Borowitzka et al. , 
1977).
Organic osmoregulatory solutes so far identified are 
either polyhydric alcohols (polyols), amino acids, or closely 
related derivatives of these compounds (for examples, see 
table 2). Considering the great diversity of organisms in 
which the phenomenon occurs, the involvement of such a 
small number of different types of compounds suggests they 
have properties making them especially suitable for this 
function.
Polyols, especially glycerol, are very poor inhibitors 
of isocitrate dehydrogenase from S_. rouxii (Simpson, 1976), 
while high concentrations of glycerol show similar behaviour 
with several enzymes from species of Dunaliella (Heimer,
1973; Borowitzka and Brown, 1974; Ben-Amotz, 1975).
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Proline at concentrations similar to those in vivo only 
slightly inhibits enzymes from the marine diatom Navicula 
(Borowitzka, 1978) and halophytes (Stewart and Lee, 1974; 
Flowers and Hall, 1978). Glycinebetaine is also a poor in­
hibitor of bacterial, plant and animal enzymes (Wyn Jones 
et_ al. , 19 76 ; Flowers and Hall, 19 78 ; Pollard and Wyn Jones, 
1979) .
Thus enzymes can continue to function even in the
presence of the high concentrations of these solutes which
may occur in cells growing in environments of low a .w
Because of this property such solutes have been described 
as "compatible solutes" (Brown and Simpson, 1972).
K+, at the high concentrations at which it occurs in 
extremely halophilic bacteria (see, for example, Christian 
and Waltho, 1962b; Armstrong, 1975), is a poor inhibitor 
of an enzyme from Halobacterium salinarium (Aitken et al., 
1970; Aitken and Brown, 1972), and so it also functions as 
a compatible solute in these organisms.
Kinetic studies of this enzyme, and of the isocitrate 
dehydrogenase from S_. rouxii have shown that the values of 
the inhibitor constants for the respective compatible solutes, 
K+ and glycerol, are very high, suggesting that their poor 
inhibitory properties are due to their low affinities for 
the enzymes (Brown, 1976; Simpson, 1976). This subject has 
been discussed at length by Brown (1976, 1978a).
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Another mechanism, in addition to those described by 
Brown, enabling cell functions to continue in the presence 
of high concentrations of solutes has been proposed for some 
algae and halophytes which accumulate salts to high inhibi­
tory levels when the extracellular salt concentration is 
increased. Wyn Jones et al.(1976) and Zimmermann (19 78) have 
suggested that these solutes are restricted to the vacuole 
where they will not affect cytoplasmic enzymes, but this 
still requires the operation of some other mechanism, such 
as the accumulation of other solutes, in the cytoplasm so 
that thermodynamic parity with the exterior is maintained.
Besides often being relatively poor enzyme inhibitors,
organic osmoregulatory solutes have properties which make
them especially efficient in lowering intracellular a . Theirw
generally high solubilities and metabolic inertness are 
important in their accumulation to high levels. Brown and 
Hellebust (1978) pointed out that proline is much more 
soluble than other amino acids, a saturated solution having 
a concentration of 13 molal, and it lowers aw to a greater 
extent than other amino acids such as glycine and serine at 
the same concentrations. Glycinebetaine has a similarly 
high solubility (Seidell, 1941). Fructose is about as poor 
an enzyme inhibitor as glycerol, but because of its metabolic 
reactivity it is unlikely to be accumulated to high concen­
trations in cells. Proline is not a major constituent of 
most proteins, and is an end-product of rather than an inter­
mediate in a metabolic pathway (Lehninger,' 1975). With the 
exception of glutamate, all the organic solutes mentioned in
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table 2 are uncharged or electrically neutral at physio­
logical pH. In the bacteria in which it functions as an 
osmoregulator, glutamate is electrically balanced by K+, 
and it has been suggested that the inhibitory effects of 
the accumulated K+ may limit the tolerance of these organ­
isms, while the greater tolerance of other bacteria may be 
due to their accumulation of proline and y-aminobutyrate 
which do not require counter ions (Measures, 1975).
There is a considerable amount of evidence suggesting 
that proline, glycinebetaine and especially glycerol, as 
well as not inhibiting, probably do not inactivate enzymes 
to any great extent, and may even protect them and other 
cell components against the deleterious effects of low intra­
cellular a .w
Schobert (1977) has suggested that diminished a andw
freezing have similar effects on water structure, since both 
essentially decrease the amount of available water. Glycerol 
has been used to protect red blood cells (Lovelock, 1953; 
Merryman, 1971), sperm (Polge et_ al. , 1949) and bacteria 
(Postgate and Hunter, 1961) against damage during freezing, 
while many insects resistant to temperatures as low as -50°C 
contain high levels of glycerol (Baust and Miller, 1969; 
Nordin et al., 1970) or other polyols such as sorbitol and 
threitol (Miller and Smith, 1975), especially at low temper­
atures. Glycinebetaine has also been used to protect plant 
cells against freezing injury (Bokarev and Ivanova, 1971).
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Anand (1969) reported that some xerotolerant yeasts 
could grow at lower water activities when glycerol was added 
to the medium while proline enhanced the ability of Salmon­
ella oranienburg to grow in concentrated media (Christian, 
1955). Both proline and glycinebetaine stimulate respiration 
in bacteria at diminished water activities (Christian and 
Waltho, 1966; Rafaeli-Escol and Avi-Dor, 1968).
Schobert (1977) has proposed that, when a is decreased, 
polyols and nitrogen-containing zwitterions, such as proline 
and glycinebetaine, prevent changes in macromolecular con­
formation which depends to a large extent on water structure. 
This offers some explanations for the effects of these com­
pounds described above. Decreasing water availability is 
likely to disrupt its structure. She has suggested that, 
under such conditions, polyols contribute to this structure,
i
preserving it and so the conformation of macromolecules.
In support of this she cites the work of Webb and Bhorjee 
(1968) who reported that myoinositol could preserve the 
structure of DNA during dehydration by replacing water mole­
cules. Talalay (1962) proposed that glycerol stabilises 
water structure by forming water-glycerol networks. Lewin 
(1974) reported that data from surface tension studies indi­
cated that glycerol causes minimum perturbation of water 
structure, and may contribute to its maintenance.
The protective effects of proline, glycinebetaine and 
compounds with similar structural features were explained 
by Schobert in terms of their modifications of macromolecules.
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The non-polar parts of these compounds could interact with 
hydrophobic groups on the macromolecular surface, convert­
ing them to hydrophilic groups. Since less water molecules 
are required to stabilise conformation in regions where 
polar rather than non-polar groups occur, the decreased 
available water is used more economically, and water and 
macromolecular structures are preserved. The work of Tyrrell 
and Kennerley (1968 ) cited by Wyn Jones et al. (1976) suggested 
that glycinebetaine causes minimal perturbation of water 
structure.
Glycerol has been shown to have other effects on bio­
logical molecules and functions, which, while they may not 
be directly applicable to its role as an osmoregulator and 
compatible solute-, suggest other ways in which it could 
modify the constituents of and processes in cells in which 
it is present at high concentrations.
Besides preventing freezing injury, glycerol can also 
protect cold sensitive enzymes against inactivation at low 
temperatures close to 0°C. Enzymes for which this effect 
has been observed include 17-B-hydroxysteroid dehydrogenase 
(human placenta) (Jarabak et al., 1966), beef and yeast 
mitochondrial ATPases (Racker et al.,1963) and pyruvate kinase 
(Ruwart and Suelter, 1971) and K+ -activated aldehyde dehy­
drogenase (Bradbury and Jakoby, 1972), both from yeast.
Of all the bonds responsible for the structure of pro­
teins, only hydrophobic interactions are weakened as the
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temperature is reduced (Tanford, 1962). Thus Jarabak et al. 
(1966) suggested that this effect of glycerol is due to its 
strengthening of these interactions.
A number of enzymes, other than those sensitive to low 
temperatures, require glycerol for stability in vitro.
These include glucose-6-phosphate dehydrogenase (mammary 
gland) (Levy, 1963), RNA polymerase (Micrococcus lysodeik- 
ticus) (Nakamoto et_ al., 1964), aconitate isomerase (Pseudo­
monas putida) (Klinman and Rose, 1971) and UDP-glucose-4- 
epimerase (calf liver) (Langer and Glaser, 1974).
The activities of some enzymes are modified by glycerol. 
The values for both substrates of alcohol and Reactivated 
aldehyde dehydrogenases from yeast are altered in the pre­
sence of glycerol (Myers and Jakoby, 1973; Bradbury and 
Jakoby, 1972). It mimics the effects of fructose-1,6- 
diphosphate, a positive effector of yeast pyruvate kinase, 
increasing the affinity of the enzyme for phosphoenolpyruvate 
(Hess and Bornmann, 1975), and can partially replace 
aspartate as an activator of the allosteric enzyme, aspartase, 
from Eschericia coli (Tokushige and Mizuta, 1976). Besides 
being a substrate, glycerol is also a positive effector of 
glycerol dehydrogenase from species of Dunaliella (Borowitzka 
et al. , 1977). It has the opposite effect on phosphorylase 
b from rabbit muscle, decreasing the binding of cyclic AMP, 
an essential allosteric activator, and so reducing the V 
(Damjanovich et al., 1972).
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The various effects of glycerol so far described can 
be explained in terms of its influence on the structure of 
proteins, but there is more direct evidence that it acts 
in this way. Urease (Contaxis and Reithel, 1971) and yeast 
isocitrate dehydrogenase (Simpson, 1976) depolymerise in 
the presence of glycerol, while it has the opposite effect 
on yeast pyruvate kinase, causing the formation of tetramers 
from monomeric sub-units (Hess and Bornmann, 1975). The 
glycerol induced changes in the kinetic constants of yeast 
alcohol dehydrogenase described previously, were accompanied 
by changes in the circular dichroism properties and UV 
difference spectra of the protein, suggesting changes in its 
conformation (Myers and Jakoby, 1975). There was also a 
decrease in the rate of reaction of the enzyme with sulphy- 
dryl oxidising reagents. It was proposed that changes in 
the structure of the protein molecule resulted in the removal 
of sulphydryl groups to a more protected environment. 
Decreased reactivity of these groups in the presence of gly­
cerol has also been reported for K+-activated aldehyde 
dehydrogenase from yeast, and related to the effects of 
glycerol on the activity of the enzyme (Bradbury and Jakoby, 
1972) .
Various reports suggest that glycerol may be able to 
modify gene expression. Transcription, in vitro, of both 
prokaryotic (Escherichia coli) and eukaryotic (calf thymus) 
DNA is stimulated by glycerol (Nakanishi et al., 1974; Buss 
and Stalter, 1978). Glycerol seems to act by promoting the 
formation of the "initiation complex" between RNA polymerase
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and DNA, and, in the E. coli system, is able to replace cyclic 
AMP which normally has this function. It has also been shown 
to enhance the polymerising activity of E. coli DNA poly­
merase III (Heinze and Carl, 1975), and to alter the sub­
strate specificity, that is the nature of the nucleotides in­
volved in the bonds cleaved, of a DNA endonuclease also from 
E. coli (Karamov et al. , 1977). All these effects were ob­
served in vitro, but Wallis and Whittaker (1974) obtained a 
high proportion of ’’petite" mutants (see section 4.3) of S_. 
cerevisiae by incubating starved cells in glycerol. The 
glycerol concentration they used (approximately 0.2M) was 
lower than those used (1 to 6M) in the other work which has 
been described here. However, the latter concentrations are 
similar to those in the cells of algae and yeast in which 
glycerol is the major osmoregulatory solute (Borowitzka and 
Brown, 1974; this thesis).
On the basis of these observations, no conclusions can 
be drawn about the modification of enzyme activities or gene 
expression by glycerol in cells in which it is present at high 
concentrations. But in investigating and seeking explanations 
for responses to decreased aw it may be useful to bear in mind 
that glycerol could have such effects.
For organisms in which the response to decreased a in-w
volves increases in the intracellular concentrations of one 
or a few solutes, there may be a relation between the nature 
of the solutes accumulated and the degree of tolerance to 
water stress shown by the organism. Glycerol which is a poorer
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enzyme inhibitor than other polyols occuring in nature 
(Simpson, 1976) and noted for its protective effects under 
conditions of low water availability as has been described, 
is the major osmoregulatory solute in xerotolerant yeast and 
halophilic algae distinguished by the low water activities 
at which they can grow (see tables 1 and 2). Less tolerant 
organisms, including non-tolerant and halotolerant bacteria, 
m,3-Fine and freshwater algae and protozoa, osmoconforming in­
vertebrates, and halophytes, accumulate other solutes such 
as other polyols, proline, glycinebetaine and amino acids 
(see table 2). It could be postulated that tolerance of low 
aw depends not only on the ability to accumulate high concen­
trations of solutes, but also on the nature and properties of 
the solute involved.
3.5 Explanations of Halophilism in Bacteria
The requirement for, and not just tolerance of, high 
concentrations of NaCl by extremely halophilic bacteria has 
been attributed to the unusual properties of their cell enve­
lopes and intracellular constituents. This subject has been 
discussed in several reviews including those by Brown (1964), 
(1976), (1978b), Lanyi (1974) and Kushner (1978).
The cell envelopes of both the halobacteria and halococci 
lack mucopeptide (Brown and Shorey, 1963; Brown and Cho, 
1970), contain diphytanyl-glycerol ether lipids, in which 
hydrocarbon side chains are joined to glycerol by an ether 
linkage (Kates, 1972), and are extremely acidic due to the
46
nature of the phospholipids and amino acids present (Brown, 
1963, 1964, 1976). The relevance of the first two features 
to halophilism has been questioned by Gochnauer et al. (1975) 
since they isolated a halophilic actinomycete, Actinopolyspora 
halophila, with a salt requirement only slightly lower than 
that of the extremely halophilic bacteria, but with a cell 
envelope containing mucopeptide and no unusual lipids. Diphy- 
tanyl-glycerol ether lipids also occur in thermophilic acido­
philic, and methanogenic bacteria (Langworthy et_ al., 1972, 
1974; Tornatene and Langworthy, 1979). However, high salt 
concentrations seem to be necessary for the structural stab­
ility of the cell envelopes of halobacteria which disaggregate 
in dilute solutions, and also of those of the halococci (Brown, 
1976). Enzymes functioning in these bacteria require at 
least 1M salt for stability, and the activities of many require 
or are not excessively inhibited by high salt concentrations 
(Lanyi, 1974). High salt concentrations are also necessary 
for protein synthesis (Bayley, 1976).
The proportions of acidic amino acids in the proteins of 
these organisms are relatively high while those of non-polar 
residues are low (Lanyi, 1974). Brown (1964, 1976) has pro­
posed that the main role of salts is to neutralise the excess 
negative charges in membranes and proteins, which result from 
their highly acidic nature. This prevents their mutual re­
pulsion, helps to maintain protein conformation and contri­
butes to the structural stability of a cell envelope lacking 
mucopeptide. Lanyi (1974) thought that the primary function 
of "salting out" salts such as KC1 and NaCl could be rather
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in strengthening hydrophobic interactions both within pro­
teins, where they are likely to be weak due to the low pro­
portion of non-polar amino acids, and between lipids and pro­
teins in the membranes. '
Kushner (1978) has recently pointed out that no such 
explanations have as yet been formulated for the salt relat­
ions of moderate halophiles (see section 2.2). Their cell 
envelopes contain muramic acid and so probably a mucopeptide 
structure, and no diphytanyl-glycerol ether lipids (Kates et 
al. , 1966 ). Protein synthesis is inhibited by salts at con­
centrations greater than 0.1M (Wydro et al., 1977), and the 
few enzymes which have been investigated do not seem to have 
unusual salt relations (for examples, see Kushner, 1978).
3.6 Possible Explanations of Xerophilism in Eukaryotic
Microorganisms
In comparison with the halophilic bacteria, relatively 
little is known about the physiology and biochemistry of xero- 
philic eukaryotic microorganisms, namely xerophilic yeasts 
and fungi, and the so-called ’’halophilic" algae (see sections 
2.3, 2.4 and 2.5). Thus explanations of their requirements 
for high extracellular solute concentrations or low water 
activities is still largely speculative.
As has previously been described (section 2.4) the re­
quirements for high solute concentrations by some xerophilic 
yeasts is lost if they are grown at lower temperatures. In
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other words the maximum temperature permitting growth may be 
increased by decreasing the external a . This phenomenon 
may suggest possible explanations for xerophilism.
Brown (1978a) proposed that, since growth depends on the 
proportions of cellular components remaining fairly constant, 
and increasing temperatures will affect some processes more 
than others resulting in metabolic imbalances, the maximum 
growth temperature will be that above which intracellular 
homeostasis is disturbed to such an extent that growth can no 
longer occur. In temperature conditional xerophilic organisms 
such temperature effects may be counteracted by the intra­
cellular conditions resulting from growth at high solute 
concentrations.
The properties of "osmotic remedial" mutants in which the 
effects of the mutation can be overcome by growth in medium 
of lower aw , may be relevant to xerophilism. Identification 
of the metabolic abnormalities resulting from such mutations, 
and of the ways in which they are rectified by growth at 
decreased water activities, may provide clues as to possible 
reasons for the growth requirements of xerophilic organisms. 
Martin and DeBusk (1975) described an "osmotic remedial" 
mutant of the fungus Neurospora crassa which was also "temper­
ature sensitive"; that is, its maximum growth was lower than 
that of the wild-type, but it would grow at non-permissive 
temperatures if the aw of the medium was decreased. This is 
reminiscent of the behaviour of temperature conditional xero­
philic yeasts. The metabolic lesion in the mutant was a lack
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of adenylosuccinase activity which was overcome by growing
the fungus at a lower a . It was suggested that increased
molecular motion at higher temperatures prevented the correct
synthesis of the enzyme protein, but this was counteracted
by lowering the external and so intracellular a .w
A mutant of cerevisiae lacking an enzyme necessary
for galactose utilisation, could grow on this sugar if a ofw
the medium was lowered with one of several solutes (Bassel 
and Douglas, 1970). Again this was explained in terms of the 
effects of decreased aw on protein synthesis. Similarly, 
defects in protein synthesis, corrected by the intracellular 
conditions resulting from growth at lower water activities, 
may account for at least some cases of xerophilism, those in­
dependent of temperature as well as those in which the require­
ment is removed by reducing the growth temperature.
Hellebust (1976) has suggested that the stability and 
functioning of enzyme systems in xerophilic organisms requires 
high concentrations of intracellular osmoregulatory solutes 
which result from growth at decreased water activities. This 
explanation is similar to that for the salt requirements of 
halophilic bacteria, but, in contrast to these organisms, 
there seems to be no evidence that the enzymes in xerophilic 
eukaryotes differ in their solute relations or other proper­
ties from those in organisms which can grow in normal dilute 
media. High concentrations of salt or glycerol have similar 
effects on two enzymes from the halophilic algae Dunaliella 
viridis and the marine species D. tertiolecta (Borowitzka et
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al. , 1977). While it is possible that other enzymes from 
the two species are differently affected by solutes, Brown 
(1976) has pointed out that any enzyme functional in halo- 
philic bacteria has unusual salt relations. Halophilism 
in algae and the lowering of their salt requirements by 
"training" (section 2.3) has been discussed by Brown and 
Borowitzka (1979) but so far defies explanation. There is 
no information as yet on the properties of the enzymes or 
even on the nature of the osmoregulatory solute in xerophilic 
yeasts.
Koh (19 75) has described xerophilic mutants of S_. rouxii 
which have walls and membranes with chemical compositions 
different from those in the parent yeast. This resulted in 
weakened cell envelopes which he suggested could not with­
stand the internal turgor pressure resulting from growth in 
dilute medium, but remained intact when turgor was decreased 
by growth in high concentrations of solutes. This suggests 
that, in these organisms, xerophilism may involve a require­
ment for diminished a per se, rather than for high concen-
W ,
trations of an osmoregulatory solute.
Any adequate explanation of xerophilism in eukaryotic 
microorganisms will depend on much more information being 
obtained about their physiology and biochemistry.
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M-.0 Some Physiological Differences Between Xerotolerant and 
Non-tolerant Yeasts 
M-. 1 Polyol Production
In 1858 Pasteur reported that glycerol was a by-product 
in wine and beer fermentations. Later, non-tolerant yeasts 
were used for the commercial production of glycerol in so- 
called "steered” fermentations, in which high yields of gly­
cerol were obtained by various modifications of the growth 
media, e.g. addition of bisulphite (Neuberg and Reinfurth, 
1918) or NaCl (Yasuda, 1950). A search for yeast able to pro­
duce large amounts of glycerol in "unsteered" fermentations 
led to the discovery that all "osmophilic" (i.e. xerotolerant) 
yeasts, isolated from environments containing high sugar con­
centrations, and grown on 60% glucose media, produced glycerol 
and often other polyols in high yields (Spencer and Sallans, 
1956). These yeasts were mainly classified in the sub-genus 
Zygosaccharomyces which had been incorporated into the genus 
Saccharomyces by Lodder and Kreger-van Rij (1952); previous 
ZygoSaccharomyces species were reclassified as Saccharomyces 
rouxii Boutroux, Saccharomyces rouxii var. polymorphus, and 
Saccharomyces mellis. Onishi (1960b), in a survey of 157 
species from several genera, found that salt-tolerant as well 
as sugar-tolerant yeast, produced high yields of polyols when 
grown on 30% glucose media. In these investigations only the 
extracellular medium was examined for the presence of polyols, 
but Brown and Simpson (1972) analysed the contents of the 
sugar-tolerant and non-tolerant yeasts whose water relations 
had been reported by Anand and Brown (1968); they found that
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"the occurrence of intracellular polyols was universal among 
but unique to the tolerant strains.
Although polyols have been isolated from many organisms 
representing most divisions of the living world (for examples 
see reviews by Touster and Shaw, 1962; Lewis and Smith, 1967), 
Spencer (1968) in his comprehensive coverage of polyol pro­
duction by yeast, commented that ’’all yeasts and yeast-like 
fungi which produce polyols in high yields have in common a 
tolerance of high concentrations of sugars or salts”.
The types and numbers of extracellular polyols produced 
by xerotolerant yeasts may vary with the species and strain 
(see Onishi, 1960b), and growth conditions such as the carbon 
source, nutrient supply, pH, aeration, and temperature (see 
Spencer, 1968). Besides glycerol, which is usually but not 
always produced, the most common polyols produced by yeast 
growing on glucose are arabitol and erythritol (see Onishi, 
1960b). This is in contrast to fungi most of which contain 
mannitol (Lewis and Smith, 1967). However, Onishi and Suzuki 
(1968a) reported that Torulopsis versatilis and T. anomola 
produced mannitol, while two of the sugar-tolerant yeasts in­
vestigated by Brown and Simpson (1972) contained hexitols.
Other polyols may be produced by growth on different carbon 
sources; for example, heptitols by Pichia miso grown on xylose 
(Onishi and Perry, 1965), xylitol, L-arabitol and ribitol by 
Candida polymorpha grown on ribose (Onishi and Suzuki, 1966) 
and dulcitol by ¡3. rouxii grown on galactose (Onishi and 
Suzuki, 1968b).
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Many studies have been done on the effects of growth 
conditions on the amounts and yields of polyols produced and 
the results of these have been summarised in reviews by 
Onishi (1953) and Spencer (1965). However, since these in­
vestigations were concerned mainly with optimising conditions 
for the commercial production of polyols, they dealt only 
with the polyols present in the extracellular medium. As 
the results of this thesis demonstrate, conclusions about 
total polyol production cannot be made on the basis of such 
data.
Glycerol synthesis by non-tolerant yeasts such as S>. 
cerevisiae involves the NADH-dependent reduction of dihydroxy- 
acetone phosphate by sn-glycerol-3-phosphate dehydrogenase.
The product of this 'reaction is then dephosphorylated by a 
specific phosphatase (Gancedo et al., 1968).
In the so-called "second", "third” and "fourth" forms 
of fermentation described by Sols et al. (1971) , the usual 
method of NADH oxidation by the alcohol dehydrogenase reaction 
is unavailable due to a lack of acetaldehyde. Dihydroxy- 
acetone phosphate reduction provides an alternative means 
of regenerating NAD, and glycerol rather than ethanol is pro­
duced. The acetaldehyde deficiency may be due to (i) its 
reaction with added bisulphite (Neuberg and Reinfurth, 1918), 
(ii) its oxidation by acetaldehyde dehydrogenase under 
alkaline conditions (Black, 1951), or (iii) its non-formation 
when glucose-induced pyruvate decarboxylase activity (Ruiz- 
Amil et al., 1966) is low, and conditions are unfavourable
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for protein synthesis. Gancedo et al. (1968) found that 
anaerobiosis resulted in an increase in dihydroxyacetone 
phosphate reducing activity in S. cerevisiae. This is con­
sistent with the observed increase in glycerol yields by 
baker’s yeast under such conditions (Stahl and Heumann, 1963). 
They also reported that this activity was severely inhibited 
by physiological concentrations of both K+(0.1M) and Mg2+
(10 mM) , and were unable to explain how it functioned in vivo; 
inhibition was not overcome by possible effectors such as 
ADP, AMP, fructose-1,6-diphosphate or phosphoenolpyruvate.
Studies of the distribution of the 14C label in polyols 
produced by xerotolerant yeasts supplied with glucose
have been described and summarised by Spencer (1968). From 
these data he concluded that glycerol is formed via the Embden- 
Meyerhof pathway, while enzymes of the pentose phosphate path 
are involved in the synthesis of arabitol by S_. rouxii and 
erythritol by Torulopsis magnoliae. While the final steps in 
the formation of arabitol and erythritol probably involve the 
dephosphorylation and reduction of the appropriate sugar phos­
phates, the several labelling patterns in these two polyols 
suggested that the pentose and tetrose phosphates could 
result from more than one reaction sequence. Spencer sugges­
ted that they were either intermediates in the pentose phos­
phate pathway, or were formed in a series of rearrangements 
involving the actions of aldolase and transketo'lase in 
splitting fructose-1,6-diphosphate, hexose phosphates, and 
intermediates of the pentose phosphate path, and in trans­
ferring ’’active glycoaldehyde’’ groups. He did not comment on
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the enzymes which might be involved in glycerol synthesis. 
However he pointed out that non-tolerant yeasts contain all 
the enzymes involved in the previously described scheme for 
polyol synthesis except one for the reduction of the immed­
iate polyol precursors. Thus the production of polyols by 
tolerant yeasts may be specifically due to the presence of 
such enzyme activities.
Polyol dehydrogenases, catalysing the oxidation of 
several polyols have been described in brewer’s yeast (Muller, 
1937; Wilhelmsen, 1961), but polyol formation due to these 
activities has not been demonstrated. However, polyol dehy­
drogenases able to function in polyol synthesis have been 
isolated from several tolerant yeasts including S_. rouxii 
(Blakely and Spencer, 1962 ; Ingram and Wood, 1965), S_. mellis 
(Weimberg, 1962) and Pichia miso (Onishi and Saito, 1962). 
There were considerable variations in their properties in­
cluding substrate specificities and products formed. But 
the validity of such comparisons is questionable since there 
was no standardisation of growth or assay conditions, or of 
methods or degrees of purification.
Most of the investigations in this field have been on 
activities likely to be involved in D-arabitol formation, 
which could involve the reduction of either xylulose or D- 
ribulose. Blakely and Spencer (1962) and Onishi and Saito 
(1962) reported activities reducing xylulose to D-arabitol in 
the presence of NADPH+H+ and NADH+H+ respectively, whereas 
Weimberg (1962) and Ingram and Wood (1965) found that their
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preparations catalysed the NADPH-dependent reduction of D- 
ribulose to D-arabitol. Both Blakely and Spencer (1962) and 
Ingram and Wood (1965) used data from 14C labelling studies 
to support their respective claims for xylulose or D-ribulose 
as the immediate precursors of D-arabitol. The former work­
ers thought that the labelling pattern in D-arabitol pro- 
14-duced from C-xylulose by their preparation suggested direct 
conversion from this sugar to the polyol. However, the cell- 
free extract they used was from yeast grown on xylulose, and 
the results obtained may not be comparable with those of 
Ingram and Wood who grew their organism on glucose. In general, 
the polyol dehydrogenases investigated have shown a high 
degree of specificity for the sugar substrate, and greater 
activity with NADPH+H+ than with NADH+H+.
In vivo the substrates of such polyol dehydrogenases 
could result from the dephosphorylation of sugar phosphates 
formed via the pentose phosphate pathway and related activities 
as described previously. Weimberg and Orton (1963) reported 
the presence, in S_. mellis, of an acid phosphomonoesterase 
which could dephosphorylate pentose phosphates. Ingram and 
Wood (196 5) found a similar activity in S_. rouxii and sugges­
ted that it could be important in the regulation of polyol 
production since it was inhibited by inorganic phosphate.
There have been no reports suggesting the involvement 
of polyol dehydrogenase activities in the regulation of polyol 
synthesis in yeast. However, in the fungus, Diploida viticola, 
mannitol synthesis was correlated with the activity of the
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first enzyme involved in the pentose phosphate pathway, 
glucose-6 phosphate dehydrogenase, rather than with mannitol 
dehydrogenase activity (Strobel and Kosuge, 1965).
The levels of polyols may depend on their degradation 
as well as their synthesis. Blakely and Spencer (1962), 
Weimberg (1962), Onishi and Saito (1962), Ingram and Wood 
(1965), and Simpson (1976) have all reported dehydrogenases 
in tolerant yeasts able to catalyse the oxidation of several 
polyols. All showed activity with both NAD+ and NADP+, but 
the polyol specificity varied with the coenzyme used. The 
range of polyols oxidised tended to be wider with NAD+ than 
with NADP , a relatively common feature among polyol dehydrog­
enases, as reported by Barnett (1968) for yeasts, and by 
Touster and Shaw (1962) for both prokaryotic and eukaryotic 
unicellular and multicellular organisms.
The production of polyols by all tolerant yeasts so far 
investigated suggests that they may be important in enabling 
these organisms to grow in high concentrations of solutes. 
Glycerol, produced in high yields by the majority of tolerant 
yeasts (Onishi, 1960b), functions in both algae and yeast, 
including a strain of the xerotolerant yeast S_. rouxii, in 
osmoregulation, acting as a compatible solute (Borowitzka and 
Brown, 1974; this thesis). Thus it is likely to have a 
similar role in other tolerant yeasts. Other polyols are 
also relatively poor enzyme inhibitors (Simpson, 1976) and so 
could act as compatible solutes, though the results of this 
thesis suggest that at least arabitol in S_. rouxii, strain YA,
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does not act as an osmoregulator.
In many fungi polyols especially mannitol, function as 
carbohydrate reserves (Lewis and Smith, 1967). Corina and 
Munday (1971) reported that the total mannitol in cultures 
of Aspergillus clavatus decreased when the glucose in the 
medium was exhausted, suggesting its use as an alternative 
carbon source. Supplied polyols can be used as carbon sources 
by many yeasts, their assimilation probably involving polyol 
dehydrogenases (Barnett, 1968 ). The xerotolerant yeast, S_. 
rouxii, used only mannitol and D-glucitol out of a wide range 
of polyols tested.
Touster and Shaw (1962) and Lewis and Smith (1967) have 
suggested that polyols may function in coenzyme regulation, 
storing reducing power, regenerating NADP+ by serving as 
"sinks" for reducing equivalents, or acting in transhydrogen­
ation mechanisms between NAD+ and NADP+. In Aspergillus
clavatus increases in ribitol levels when fatty acids and
• • 3 14-mannitol were being broken down, and H/ C labelling studies
suggested that this polyol was being formed in a H accepting 
mechanism (Corina and Munday, 1971). The different roles 
assigned to mannitol and ribitol in this fungus may be rele­
vant to the production of more than one polyol by many xero­
tolerant yeasts (Onishi, 1960b). Hult and Gatenbeck (1978) 
have proposed that, in the fungus Alternaria alternata, a 
mannitol cycle involving the NADP+-dependent oxidation of 
mannitol and the NADH-dependent formation of mannitol-l-phos- 
phate provides a t.ranshydrogenation mechanism for the conversion
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of NADPH+H to NADH+H+. However, there is as yet no con­
clusive evidence for the functioning of polyols in coenzyme 
regulation in tolerant yeasts. Lagunas and Gancedo (1973) 
have presented convincing evidence suggesting that trans­
hydrogenation between the pyridine nucleotides NAD and NADP 
probably does not occur in S_. cere vis iae.
As this brief survey has indicated, present knowledge of 
the mechanisms and regulation of polyol production in yeasts, 
the metabolic functions of these compounds, and their rele­
vance to xerotolerance is still far from complete.
*+ . 2 Utilisation of Sugars
Spencer (1968) stated that the xerotolerant yeasts S. 
rouxii, Torulopsis magnoliae, and Pichia miso could use rela­
tively few sugars. According to Lodder (19 70) S_. rouxii is 
similar to Ŝ. cerevisiae in its ability to ferment and assimi­
late glucose and maltose. Whereas the non-tolerant species 
ferments and assimilates galactose and sucrose, the tolerant 
yeast does not ferment the former sugar but may sometimes assimi­
late it, while its fermentation and assimilation of sucrose is 
variable. On the other hand, T. magnoliae was reported as 
being able to ferment and assimilate sucrose, but not maltose, 
and its assimilation of galactose was variable. Onishi (1960b) 
found that P̂. miso could use glucose, fructose, mannose, 
galactose and sucrose.
In some but not all of the salt tolerant yeasts investi-
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gated by Onishi (1961) , the number of different types of 
sugars which could be used decreased when they were grown 
at high NaCl concentrations. Salt tolerant strains of S_. 
rouxii , grown in 18% NaCl medium, could no longer use maltose, 
sucrose and galactose, but glucose utilisation was not 
affected.
Xerotolerant yeasts have often been isolated from en­
vironments containing high concentrations of sucrose, e.g. 
raw sugar, molasses, fruit juices and syrups, confectionary 
and dried fruits (Spencer, 1968), but many have been unable 
to ferment or assimilate this sugar. The first reports of 
the isolation of yeasts from concentrated media, jams and 
syrups, by Boutroux (1884) commented on their inability to 
ferment sucrose. Similar findings were made for many yeasts 
isolated from sugar (Scarr, 1951) and orange juice (Ingram, 
1950), and for strains of Saccharomyces mellis found in sugar 
cane and refinery products (Scarr and Rose, 1966). However, 
the fermentation of sucrose by yeasts responsible for the 
spoilage of wine must, and classified as various species of 
Zygosaccharomyces, was variable (Kroemer and Krumbholtz, 1931). 
Despite this latter finding, Lodder and Kreger-van Rij (1952), 
in their reclassification of Zygosaccharomyces (see section 
4.1) considered the inability to use sucrose to be character­
istic of these yeasts.
None of the salt tolerant yeasts, species of Torulopsis, 
investigated by Yamagata and Fujita (1974) could ferment 
sucrose, though Etchells and Bell (1950) reported that this
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property varied among the salt tolerant yeasts they studied.
As mentioned previously, sucrose utilisation by strains of 
S. rouxii is also variable, while T. magnoliae and P. miso, 
generally associated with environments containing high con­
centrations of sugars and salts respectively (Hajny et al., 
1960; Onishi, 1960b), could ferment and assimilate this sugar.
In S. cerevisiae sucrose utilisation depends on the 
presence of invertase which is located in the periplasmic 
space, between the cell wall and the plasma membrane (Arnold,
19 72) , and which hydrolyses sucrose to glucose and fructose. 
However, sucrose is still taken up but accumulated by strains 
of S. cerevisiae lacking invertase (Avigad, 1960).
Pappagianis and Phaff (1956) and Hajsig (1958) reported 
that sucrose fermentation by the xerotolerant yeasts they 
investigated was "delayed” occurring after approximately one 
or three weeks1 growth respectively. The former authors also 
found that invertase activity could be demonstrated after 
the cells had been disrupted by drying or freezing, this 
being consistent with the earlier findings of Kroemer and 
Krumbholtz (1931) that species of Zygosaccharomyces unable to 
ferment sucrose could do so after they were ground. They 
suggested that there may be a "barrier" between invertase and 
sucrose in these yeasts which is broken down by aging or dis­
ruptive treatments, and that invertase is in a different 
location from that occupied by the enzyme in S_. cerevisiae.
In contrast to S_. cerevisiae when these yeasts were autolysed 
invertase activity was not released but remained attached to
62
the cell debris.
Arnold et al. (1974) reported that electron microscope
studies indicated the presence of membrane bound structures 
in the periplasmic space of S_. rouxii, but not S_. cerevisiae. 
The expression of invertase activity by old (nine days) or 
ethylacetate treated cells was accompanied by the dis­
appearance of these structures. This strongly suggested, 
though the evidence was not conclusive, that the inability 
to ferment sucrose may not be due to an absolute lack of in­
vertase, but rather to its location within a membrane-bound 
vesicle rendering it unavailable to the substrate. There 
may be a similar explanation for the report by Hestrin and 
Lindegren (19 50 ) that haploid strains of S_. cerevisiae only 
showed invertase activity after the cells had been dried, 
frozen or aged.
Sato and Tanaka1s (1961) findings suggested there was 
an inverse relation between sugar tolerance and invertase 
activity in the strains of baker's yeast (S_. cerevisiae) they 
investigated. But among xerotolerant strains the variability 
in sucrose fermentation, further complicated by the occurr­
ence of "delayed” fermentation, makes it difficult to assess 
the degree of correlation between the presence and character­
istics of invertase and xerotolerance.
4.3 Features of Respiration
The available evidence suggests that certain features
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of respiratory functions are probably common to the great 
majority of, if not all, xerotolerant yeasts. While these 
features are not necessarily unique to tolerant yeasts, they 
do set them apart as a group from some of their non-tolerant 
counterparts, and considered in conjunction with other of 
their properties, especially polyol production, may lead to 
a better understanding of their ability to grow in environ­
ments of low water activities.
The Crabtree effect, the inhibition of respiration in 
the presence of a rapidly fermentable substrate such as glu­
cose, has been reported to occur in many yeasts from several 
genera (De Deken, 1966a; Johnson and Brown, 1972; Johnson 
et al. , 1972). Under these conditions sugar catabolism occurs 
via the alternative fermentative pathway, resulting in con­
siderable ethanol production, even in the presence of oxygen; . 
hence, its description as the "reverse Pasteur" effect (De 
Deken, 1966a; Sols et al., 1971). The lowering or loss of 
respiratory activity is presumably due to the marked decrease 
in or complete absence of cytochromes and of enzyme activities 
associated with the citric acid cycle and respiratory chain, 
accompanied by the loss of internal mitochondrial structure 
(see Linnane and Haslam, 1970).
Some workers have suggested that this effect may be 
analogous to glucose or catabolite repression in bacteria, 
in which cyclic AMP (cAMP) plays an important part (Pastan 
and Perlman, 1970), but the evidence for a similar role for 
this compound in yeast is far from conclusive. Fang and Butow
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(1970) reported that cAMP reversed glucose repression of 
mitochondrial enzyme synthesis in S_. cere vis iae, but other 
nucleotides, including AMP and ATP were about as effective.
In Saccharomyces carlsbcrgensis, cAMP levels were higher 
when the yeast was grown on a non-repressive carbon source 
(galactose) rather than on glucose, and release from repression 
by transfer from glucose to maltose media was accompanied by 
increases in cAMP (van Wijk and Konijn, 1971). The levels of 
cAMP were also inversely related to the initial medium glu­
cose concentration, but when the glucose supply was exhausted 
and repression relieved there were no changes in these levels 
(Sy and Richter, 1972). A repression-resistant mutant of S3. 
carlsber gen's is contained similar levels of cAMP to the wild 
type even when they were both grown on glucose and respiration 
was repressed only in the latter (Schamhart et al. , 1975).
Such results make it difficult to assess whether certain 
levels of cAMP are necessary for respiratory activity in 
yeasts.
De Deken (1966a) has described the Crabtree effect as 
"the inhibition of one metabolic pathway (respiration) by 
another metabolic path (fermentation)". Linnane and Haslam 
(1970) suggested that glucose does not act directly, but via 
the accumulation of inhibitory metabolic intermediates result­
ing from the metabolic pathways operating in its presence. Ball 
et al. (1975) have proposed that the regulation of respiratory 
functions depends on induction rather than repression; the 
metabolic patterns which occur in the presence of glucose 
result in the diversion of carbon skeletons from pathways, 
especially the citric acid cycle, which might produce inducers.
Of all the yeasts investigated by De Deken (1966a) 
and Johnson and Brown (1972) (see table 3), none of those 
in which the Crabtree effect was demonstrated, with the 
exception of Torulopsis glabrata, has been described as 
being xerotolerant. T. glabrata, shown by Yamagata and Fuj- 
ita (1974) to be salt tolerant, will be discussed later in 
this section. This suggests that the Crabtree effect does 
not occur in xerotolerant yeasts. The effects of growth in 
very high glucose concentrations (24%, 36% w/v) on the res­
piratory functions of S5. rouxii and S_. cerevisiae, reported 
by Brown (1975), provide further evidence for this. There 
was a much greater decrease in 02 uptake by the non-tolerant 
yeast, accompanied by the almost complete loss of internal 
structure in the mitochondria and large reductions in NADH 
oxidase activity and cytochrome content. However there was 
little change in mitochondrial morphology in the tolerant 
yeast, the decrease in NADH oxidase activity was much less, 
and the cytochrome content increased.
To differentiate between the effects due specifically 
to glucose and those resulting from the diminished a in the 
presence of such high concentrations of the sugar, the yeasts 
were also grown in media the aw of which had been adjusted 
to 0.95 with PEG 200. Again the decreases in 02 uptake and 
NADH oxidase activity were greater for S_. cerevisiae, but in 
both yeasts cytochrome contents increased and mitochondrial 
structure was unchanged. Norkrans (1968) also reported that 
the decrease in respiratory activity when a was lowered due
W
to high concentrations (10%) of NaCl was much greater for
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S.- cerevisiae and other non-tolerant yeasts than for the 
salt tolerant Debaryomyces hansenii.
Thus while glucose does seem to have effects on respir­
ation distinct from those due to low a .  both these factors
W
influence this metabolic function. However since there is 
still no adequate explanation for the Crabtree effect, the 
much lower sensitivity of respiration in S_. rouxii to high 
concentrations of glucose, and the relation between this and 
the apparent resistance of respiratory activity in xero- 
tolerant yeasts to low aw remain subjects for speculation. 
Brown (1975) has suggested that polyols, probably present in 
all xerotolerant yeasts (see section 4.1), could be involved.
A metabolic feature which seems to be common to Crabtree 
negative yeasts is their low fermentative capacity. Johnson 
et al. (1972) demonstrated that several such yeasts produced
little or no ethanol, and the low ethanol production by xero­
tolerant yeasts is well documented (see Spencer, 1968).
This low fermentation activity may be relevant to the absence 
of the Crabtree effect, if as discussed previously, the in­
hibition of respiration involves the intracellular conditions 
resulting from certain metabolic patterns, rather than glu­
cose per se.
There is also evidence that the activity of the pentose 
phosphate pathway is high in many Crabtree negative yeasts, 
and this may be associated with their low fermentative 
capacity. The activity of glucose-6-phosphate dehydrogenase
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is higher in the Crabtree negative yeasts Candida utilis 
(Horecker et al., 1967) and Rhodotorula glutinis (Gancedo 
and Gancedo5 19 71) than in S_. cerevisiae« Similar results 
have been obtained for. the sugar tolerant yeasLs S. rouxii 
(this thesis) and Hansenula anomola (Gancedo and Gancedo,
1971). The probable involvement of the pentose phosphate path­
way in the production of polyols (see section 4.1) suggests 
its activity might be high in most xerotolerant yeasts. The 
Crabtree negative yeasts investigated by Johnson et al. (1972) 
showed increased lipid rather than ethanol production when the 
glucose concentration of the medium was increased. This sug­
gests a high activity of the pentose phosphate pathway and 
may be analogous to the increased polyol production by S. 
rouxii grown in 20% rather than 1% glucose (Markides, personal 
communication).
Gancedo and Gancedo (1971) found that various yeasts, 
with low fermentative abilities, including Rhodotorula glutinis 
and D. hansenii had, besides high activities of glucose-e- 
phosphate dehydrogenase and so probably of the pentose phos­
phate pathway, very low levels of phosphofructokinase activity 
in comparison with those of fermentative species such as S_. 
cerevisiae. The pentose phosphate pathway could provide an al­
ternative route for glucose catabolism when glycolysis is low 
or absent due to the phosphofructokinase deficiency. They 
suggested that an important function of the high lipid product­
ion by the yeasts they investigated may be to regenerate NADP+ , 
since Eagon (1963) has shown that the supply of this nucleo­
tide is rate limiting for the pentose phosphate pathway.
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No phosphofructokinase activity could be detected in 
the xerotolerant yeast-like fungus Moniliella tomentosa 
when it was producing glycerol and erythritol in high yields. 
In the presence of chloramphenicol these yields decreased, 
ethanol production and so the activity of the fermentative 
pathway increased, and a considerable level of phosphofructo­
kinase activity was found (Hanssens et al., 1974). These 
results may be explained in terms of glucose catabolism by 
the pentose phosphate pathway in the absence of phospho­
fructokinase activity, with polyol production providing a 
means of regenerating NADP+.
Many yeasts form, both spontaneously and after treatment 
with mutagens such as acriflavine and ethidium bromide, 
respiratory deficient or "petite" mutants. These show a 
cytoplasmic pattern of inheritance and are unable to grow on 
non-fermentable substrates such as glycerol due to the loss 
of respiratory capacity, presumably resulting from the ab­
sence of or grossly modified mitochondrial DNA, and a lack of 
mitochondrial protein synthesis, cytochromes and respiratory 
enzymes. Nagley et al. (1977) have recently reviewed this 
subject.
Bulder (1964) reported that, while acriflavine could 
induce "petite" mutations in many yeasts from several genera, 
there was a second large group from which such mutants were 
not produced. The results of De Deken (1966b) and Johnson 
and Brown (1972), summarised in table 3, show a strong correl­
ation between the petite-negative property and the absence
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of the Crabtree effect.
Further, more indirect evidence for such a relationship, 
comes from studies of the fatty acid compositions of the 
yeasts. Johnson and Brown, (1972), reported that no yeast 
in which the Crabtree effect could be demonstrated contained 
polyunsaturated fatty acids, while linoleic (C-0 „) and 
often linolenic (Clg>3) acids accounted for a considerable 
proportion of the fatty acids in Crabtree negative yeasts.
As the data in table 3 indicate there seems to be a correl­
ation also between the ability to form petite mutants and 
fatty acid composition, linoleic and linolenic acids being 
very low in or absent from petite positive yeasts, but 
accounting for a relatively high proportion of total fatty 
acids in petite negative yeasts. There is conflicting evid­
ence as to the ability of Saccharomyces delbrueckii and 
Schizosaccharomyces pombe to form petite mutants, but it is 
significant that yeasts of these species in which the mut­
ation could not be demonstrated contained considerable pro­
portions of polyunsaturated fatty acids.
None of the yeasts reported as being petite positive 
by these workers has been shown to be xerotolerant, again 
with the exception of T. glabrata. On the other hand, several 
yeasts noted for their xerotolerance and production of polyols 
in high yields, are petite negative. These include S. rouxii 
and S_. mellis, both of which can grow on 6 0% (w/v) glucose 
media (Lodder, 1972 ); S_. baillii, able to grow at an a of
0.80 (Pitt, 1975), and probably identical with S. acidifaciens
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(Bicknell and Douglas, 1970); H. anomola, described by 
Whalley and Scarr (1947) as being "osmophilic"; the sugar 
tolerant T. magnoliae (Spencer, 1968) and the salt tolerant 
T. versatilis, T. anomola (Onishi and Suzuki, 1968a) and T. 
etchellsii (Yamagata and Fujita, 1974). Only H. anomola and 
S>. baillii were investigated for the Crabtree effect by 
Johnson and Brown (1972) and, as might be expected, it was 
absent. But it could be predicted that, on the basis of 
their petite negativity and fatty acid composition, other 
tolerant yeasts also will not show this phenomenon, as was 
suggested previously.
Attempts to explain petite negativity in terms of certain 
of the properties of yeasts with this characteristic have so 
far failed. The relation between the absence of the Crabtree 
effect, and both a low fermentative capacity and petite 
negativity in many yeasts, suggests that those from which 
petite mutants cannot be obtained rely heavily or completely 
on aerobic metabolism. Watson et al. (1978) pointed out 
that many such yeasts are obligate aerobes. But the absence 
of petite mutants does not seem to be due to their inability 
to survive without a functioning respiratory pathway. Res­
piratory deficient, but not petite mutants were obtained from 
petite negative yeasts by Heslot et al_. (1970). Another 
petite negative yeast, Candida parapsilosis remained viable 
even when the respiratory chain was blocked with antiobiotics 
(Subik et al., 1974).
Johnson and Brown (1972) provided evidence that these
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yeasts were less permeable than petite positive species to 
the mutagen acriflavine, and suggested that this might ex­
plain the absence of the mutation, and be related to the 
presence of polyunsaturated fatty acids. This finding was - 
disputed by Bulder and Reinink (1974) who found that acri­
flavine still inhibited respiration in petite negative yeasts 
but this effect was reversible. His investigations led him 
to comment that there was no causal relation between fatty 
acid composition and induction of the mutation.
The results of Bastos and Mahler (1974) indicated that 
another potential petite inducing mutagen, ethidium bromide, 
could not covalently bind to the mitochondrial DNA of petite 
negative yeasts. Groot et al. (1975) reported that there 
was very little base sequence homology between the mito­
chondrial DNA of the petite positive yeasts S_. cerevisiae and 
S. carlsbergensis, and the petite negative S_. (Kluveryomyces) 
fragilis and Candida utilis. But, in contrast to the petite 
positive species, there was also very little homology between 
the mitochondrial DNA of the petite negative yeasts. How­
ever, Johnson and Brown (1972) pointed out that the action 
of acriflavine is non-specific, and unlikely to depend on 
the properties of the mitochondrial DNA. Moreover, such 
mutants may occur spontaneously in petite positive yeasts, 
even in the absence of mutagens.
The results of several workers reported by Nagley et_ al.
(1977) indicated that the molecular weight of mitochondrial 
DNA of petite negative yeasts is much lower (13-24 x 106
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daltons) than that in the petite positive S_. cerevisiae 
(45-55 x 10 daltons). However, the salt tolerant but petite 
positive yeast, T. glabrata, mentioned previously, has mito­
chondrial DNA of similar molecular weight to that in petite 
negative yeasts (0fConnor et al., 1976). Moreover, the 
frequency of petite mutations in this yeast is 10^ less than 
in S. cerevisiae. Finally, Nagley et al. (1977) have sugges­
ted that the mutation may be induced in so-called ,Tpetite 
negative” yeasts if a suitable mutagen is found by screening 
a wide range of possible compounds.
It may also be significant that there appears to be no 
base sequence homology between the nuclear DNA of Crabtree 
and petite positive and negative species of the genus Saccha­
romyces. However, while the DNA of the petite positive 
species is very similar, that of the xerotolerant group of 
S_. rouxii, S_. rosei and S_. baillii (acidifaciens) shows no 
homology with that of other petite negative yeasts, S. fragilis 
and S_. lactis (Bicknell and Douglas, 19 70).
This brief survey of some aspects of yeast metabolism 
and composition indicates that xerotolerant yeasts differ in 
several respects from their less tolerant counterparts.
Such differences may include polyol production, the ability 
to use certain sugars, the relative importance of oxidative 
carbohydrate metabolism, the absence of the Crabtree effect 
and the petite mutation, the presence of polyunsaturated fatty 
acids, and the nature of mitochondrial and nuclear DNA.
However, this does not necessarily imply that such character-
istics are responsible for xerotolerance, but does suggest 
that, although xerotolerant yeasts are not confined to any 
one genus, and all the genera in which they are classified 
also contain non-tolerant species, they do form a distinct 
group. Further investigations of xerotolerance, based on 
those characteristics which seem to be common to this group 
may lead to a better understanding of the phenomenon.
74
Table 3. The Occurrence of the Crabtree Effect, the Petite 
Mutation and Polyunsaturated Fatty Acids.
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Table 3 (continued)
Yeast
Crabtree
—
Petite * % Content of Polyun-■
Effect Mutation saturated Fatty Acids
Refs. Refs. c18:2 c18:3 Refs. iiii
Nadsonia fulvescens + c ’ - c ,e
i
ii
- e
!
S. rouxii - a 25.9 0 ig
S. mellis - a
S. fragilis - c ,e - b ,c ,e 17.3 5.6 b
32.0 3.0 e
S. rosei - e - a ,b ,e 18.8 2.2 b
S. veronae - e - a ,e 18.0 6.0 e
S. lactis - e - a ,e 34.0 10.0 e
S. baillii - e - a ,b ,e 16.0 3.4 b '
(acidifaciens)
Candida utilis - c ,e - a,b 5c ,e 20.6 8.2 b
C. tropicalis - c - a ,c
C. monosa - c + c
C. krusei - e - e 25.0 24.0 e
Trichosporon - c - c
fermentans
Hansenula - c ,e — a ,c 41.0 5.0 e
anomola 37.0 13.0 f
Pichia fermentans - c ,e + ' c 30.0 16.0 e
- a ,e
Schwanniomyces - c - a ,c ,e
occidentalis
ii
1
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Table 3 (continued)
Yeast
Crabtree
Effect
Petite
Mutation
* % Content of Polyun­
saturated Fatty Acids
Refs. Refs. c18:2 COoo 1—1 
O Refs.
Torulopsis — c ,e — a ,c ,e 36.0 8.0 e
sphaerica
T. sake - c - a ,c
Debaryomyces - e - e
subglobosus
Rhodotorula
glutinis (gracilis) e - e 44.0 16.0 e
Reference_s
a. Bulder (1964)
b. Bulder and Reinink (1974)
c. De Deken (1966b)
d. Erwin (1973)
e. Johnson and Brown (1972)
f. Ng and Landelle (1977)
g. This thesis
* % Content of Polyunsaturated Fatty Acids -
Content of Polyunsaturated Fatty Acid  ̂
Total Fatty Acid Contents : 0
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5.0 Lipid Composition and Properties of Membranes
5.1 The Effects of Lipid Composition on the Properties of
Biological Membranes
Biological membranes are composed of varying proportions 
of proteins and lipids, the latter being mainly phospholipids 
and, in eukaryotes, sterols (O’Leary, 1967). It is now 
widely accepted that the arrangement of these components in 
the membrane is adequately described by the "fluid-mosaic 
model" of Singer and Nicolson (1972) in which protein mole­
cules, which function as carriers in transport processes and 
as enzymes, are embedded in a lipid bilayer. Both lipids and 
proteins are mobile within the membrane so that it has a 
"fluid" rather than a solid and static structure. In addition 
there is movement within the fatty acid chains of the atoms 
about their C-C bonds. Lee (1975) in a discussion of this 
model, showed that it can account for many membrane properties, 
and cited results from electron spin resonance (ESR) and 
nuclear magnetic resonance (NMR) spectroscopy studies, which 
support the concept of a dynamic structure.
There is now much experimental evidence indicating the 
important roles played by the lipid components in determining 
the transport properties of membranes and the activities of 
membrane-bound enzymes. The effects of altered lipid com­
position on membrane functions and properties has been studied 
using simple "model" systems such as phospholipid monolayers, 
bilayers and vesicles, as well as prokaryotic and eukaryotic 
cells and membranes. Results from experiments using the
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former artificial membranes, whose composition can be mani­
pulated chemically, agree well with those from the latter 
biological situations where membranes with different lipid 
compositions can be obtained by varying growth conditions or 
using appropriate mutants.
In 1940, Parpart and Dziemian suggested that the permea­
bility of membranes could depend on the proportions of the 
various classes of lipids they contained. Höher et al. (1945) 
found that the red blood cells from various mammalian species 
had very different permeability properties, so providing a 
means of testing this hypothesis, but Parpart and Ballentine 
(1952) could find no correlation between permeability and 
either lipid content or composition. Booij and Bungenberg 
(1956) thought that one of the factors influencing permeability 
should be the numbers of double bonds in the fatty acid con­
stituents of the lipids.
The results of Kögl et al. (1960) strongly suggested 
a relation between the degree of permeability of erythrocytes 
from several mammals and their fatty acid compositions. 
Decreasing permeability to glycerol, ethylene glycol, urea 
and thiourea was associated with increasing proportions of 
unsaturated fatty acids, especially oleate, and decreasing 
proportions of palmitate; that is, with increasing degree 
of unsaturation and increasing chain length. Walker and 
Kummerow (1964) investigated the effects of various proportions 
of polyunsaturated fatty acids, especially linoleic and 
arachidonic acids in rat erythrocytes on their permeabilities
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to glycerol, diethylene glycol and thiourea. Increasing 
proportions of both linoleic acid and of the essential fatty 
acids linoleate, arachidonate, eicosopentaenoate and doco- 
satetraenoate correlated with decreasing permeability.
De Gier et al. (1968) synthesised phospholipid vesicles 
from lecithins with various fatty acid compositions and 
showed that their permeabilities to glycerol and erythritol 
increased with increasing unsaturated fatty acid content.
These results seem to be in conflict with those obtained 
by Kögl et al., but they used eukaryotic cells, the membranes 
of which contain sterols as well as phospholipids. The 
addition of cholesterol to the vesicles described above de­
creased their permeabilities to polyols. Demel et al. (1968) 
reported a similar effect of cholesterol on the permeability 
of artificial membranes to glucose. Reducing the "cholesterol 
content of human erythrocytes increased their permeabilities 
to glycerol (Brückdorfer et al., 1969), while increasing the 
cholesterol to phospholipid ratio in guinea pig erythrocytes 
resulted in decreases in their permeabilities to both hydro­
philic (erythritol and thiourea) and ampiphilic (monoacetin) 
non-electrolytes (Kroes and Ostwald, 1971).
Increasing the proportion of unsaturated fatty acids or 
decreasing the average fatty acid chain length in the mem­
branes of the simple bacterium Acholeplasma (Mycoplasma) 
laidlawii increased their permeabilities to glycerol and 
erythritol (De Kruyff et al., 1973a; McElhany et al., 1973;
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Huang et_ al. , 1974). Similarly, the permeability of E. coli 
membranes to glycerol decreased with increasing saturated 
fatty acid content (Haest et al. , 1969).
As mentioned previously, there is movement about the 
C-C bonds in the hydrocarbon chains of membrane fatty acids; 
at lower temperatures this is relatively restricted, the 
chains being packed in a highly ordered hexagonal array, but 
as the temperature is raised there is a large abrupt endothermic 
change and increased freedom of the acyl chains, so that they 
adopt a more random arrangement. The membranes are said to 
have undergone a transition from a "gel" or "crystalline" to 
a more fluid "liquid-crystalline" state (Lee, 1975).
For Acholeplasma this phase transition temperature de­
creased with increasing permeability suggesting that an in­
creased proportion of shorter chain or unsaturated fatty acids 
resulted in a more fluid and so permeable membrane (McElhany 
et al., 1973). On the basis of results from spin-label studies 
of yeast membranes containing various proportions of unsatur­
ated fatty acids, Eletr and Keith (1972) suggested that 
double bonds inhibit the ordered packing of alkyl chaihs. 
Increasing the proportion of saturated fatty acids in E. coli 
membranes decreased the surface area per phospholipid molecule, 
suggesting that molecules containing saturated rather than 
unsaturated fatty acids were packed more tightly (Haest et al., 
1969). Huang et al. (1974) used spin-label techniques to 
detect decreased fluidity in Acholeplasma membranes as the
average fatty acid chain length was increased, and permeability
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t° glycerol reduced. They commented that, since there was 
no increase in the thickness of the membrane, the longer 
chains must be packed more tightly, resulting in the observed 
effects on fluidity and permeability.
When the cholesterol content of Acholeplasma was in­
creased, permeability to glycerol and erythritol decreased 
(De Kruyff et al. , 1973a; McElhany et al. , 1973). Investi­
gations of the effects of other sterols by De Kruyff et al. 
(1973a) indicated that their effectiveness depended, at least 
in part, on the presence of the 3B-0H group. This was con­
sistent with the results of BrUckdorfer et_ al. (1969) who 
found that replacing cholesterol in human erythrocytes with 
sterols in which the 33 position was occupied by a keto group 
increased the permeability to glycerol.
De Kruyff et al. (1973a) found that increasing the choles­
terol content of Acholeplasma membranes decreased their phase 
transition temperatures, while similar changes in the compos­
ition of the membranes of Mycoplasma mycoides var. capri 
resulted in complete abolition of the phase transition (Rottem 
et al., 1973). In the latter case, electron paramagnetic 
resonance (EPR) studies of spin-labelled fatty acids in the 
membranes indicated that cholesterol restricted the mobility 
of the fatty acid chains. This finding was supported by the 
results of many other investigations of both biological and 
artificial membranes using techniques such as ESR, NMR, and 
fluorescence spectroscopy, and X-ray diffraction, which have 
been summarised by Demel and De Kruyff (1976).
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They also proposed, as did Rottem et al. (1973), that 
sterols probably reduce permeability by a "rigidifying" 
effect on the membranes, at the same time maintaining them 
in the "liquid-crystalline" rather than the "gel" state by 
preventing the interaction of the fatty acid chains. Thus 
they could play a major role in regulating membrane fluidity.
The incorporation of proteins into phospholipid mono­
layers normally results in an increased permeability to Na+ 
and an expansion of the monolayers. These effects were greatly 
reduced when cholesterol was added to these artificial mem­
brane systems, probably due to the immobilisation of the 
fatty acid chains, preventing the penetration of proteins into 
the monolayer. The fact that lowering the temperature pro­
duced similar effects was consistent with this explanation 
(Papahadjopoulos et_ al. , 1973).
The fatty acid composition affects the permeability of 
membranes to ions as well as non-electrolytes. Haslam et al. 
(1973) suggested that the absence of coupled oxidative phospho­
rylation in yeast mitochondria in which the unsaturated fatty 
acid content was greatly reduced, was due to the observed 
increase in passive permeability to H+. This dissipated the 
H+ gradient across the mitochondrial membrane which, accord­
ing to the chemiosmotic hypothesis of Mitchell (1966) is 
essential for the coupling of ATP formation to electron trans­
port in the respiratory chain. Decreasing the proportion of 
saturated fatty acids in E. coli membranes increased their 
permeabilities to K+ (Davis and Silbert, 1974).
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Papahadjopoulos and Watkins (196 7) reported that the 
addition of cholesterol to phospholipid vesicles decreased 
their permeabilities to Cl” . Increasing the cholesterol con­
tent of guinea pig erythrocytes resulted in a decrease in 
the passive component (ouabain insensitive) of Na+ efflux 
(Kroes and Ostwald, 1971). Astin and Haslam (1977) attributed 
the loss of coupled oxidative phosphorylation in sterol de­
pleted mitochondria to their increased passive permeability 
to H , and so the loss of the H+ gradient (see above). Benz 
and Cross (1978) showed that the incorporation of sterols 
into phospholipid vesicles caused changes in their dipole 
potentials and their conductivities to anions and cations.
They suggested these effects were due to the high dipole mom­
ents of the sterols. Again, the effectiveness of the sterols 
depended on their structure, especially the presence of the 
36-OH group.
Hopfer et al_. (19 70 ) found that the ion permeabilities 
of bilayer membranes varied according to whether they con­
tained predominantly positively or negatively charged, or 
zwitterionic phospholipids. Thus they proposed that the 
charges of the polar head groups of phospholipids may be im­
portant in determining the ion selective permeabilities of 
membranes.
While all these results suggest that changes in the lipid 
compositions of membranes can alter their permeability pro­
perties, the converse may not always be true indicating that 
other factors could also be involved. Rank et al. (1978)
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investigated the properties of the membranes of S. cerevisiae 
mutants, in which changed drug resistance properties had pre­
viously been shown to be associated with changes in the permea 
bilities of the cell membranes to these compounds (Rank et al. 
1975). Both the lipid compositions and viscosities (indica­
tive of the degree of membrane fluidity) of the mutant mem­
branes were similar to those of the wild type.
Lipids may not be the only components affecting membrane 
permeability. Carlsen et al. (1976) proposed that the de­
creased permeability of Chinese hamster ovary cells to drugs, 
and so increased drug resistance, was associated with in­
creases in membrane glycoproteins. This permeability change 
was accompanied by a greater degree of membrane viscosity.
There is also evidence that lipid composition influences 
the activities and properties of at least some of the protein 
components of membranes. Papahadjopoulos et_ al. (1973) 
reported that the activity of a delipidated preparation of 
the membrane associated enzyme, (Na+ + K+)-stimulated ATPase 
was greatly increased by the addition of phospholipids, the 
degree of activation depending on the nature of the phospho­
lipids. As the temperature was decreased there was a sharp 
discontinuity in the Arrhenius plot for the activity of this 
enzyme, at a temperature similar to that at which the added 
phospholipids underwent their phase transitions (Kimelberg 
and Papahadjopoulos, 1972). This suggested that the fluidity 
of the lipid environment was important in determining the 
properties of this enzyme.
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Cholesterol inhibited this activation. This was ex­
plained in terms of its rigidifying effects, restricting the 
mobility of the lipids and their interactions with the 
enzyme protein. However, no such marked or consistent 
effects were observed for Mg -stimulated ATPase (adenosine 
triphosphatase), so they seemed to be relatively specific 
(Papahadjopoulos et_ al. , 1973).
The temperature of the Arrhenius discontinuity for the 
ATPase activity in Acholeplasma laidlawii membranes corres­
ponds to their phase transition temperatures which, as des­
cribed previously, depended on their fatty acid and lipid 
compositions. However, such a discontinuity was not observed 
for two other membrane associated enzymes, p-nitrophenylphos- 
phatase and NADH oxidase, suggesting that not all such enzymes 
are affected by the lipid environment (De Kruyff et al., 1973b).
In £. cerevisiae, the specific activities of the mito­
chondrial enzymes kynurenine hydroxylase and oligomycin- 
sensitive ATPase, located in the outer and inner membranes 
respectively, increased with increasing oleic acid content, 
and again there was a correspondence between the Arrhenius 
discontinuity and phase transition temperatures (Janki e_t al. , 
1974). The fatty acid compositions of the mitochondria of S_. 
cerevisiae and Candida lipolytica grown on ethanol showed 
marked differences, especially the presence of linoleic acid 
only in the latter yeast. The specific activities of three 
mitochondrial membrane-bound enzymes, NADH oxidase, succinate 
oxidase and succinate dehydrogenase were much higher in C.
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lipolytica. Growth of this yeast with tetradecane as a 
carbon source resulted in decreases in the activities of 
these enzymes to levels similar to those in ethanol—grown 
S_. cerevisiae and in the proportions of oleic and linoleic 
acids, as well as an increased sensitivity of the mitochond­
rial ATPase to oligomycin and increases in the temperatures 
of Arrhenius plot discontinuities consistent with the 
probable decreased fluidity of the membranes (Skipton et al., 
1974).
Cobon and Haslam (1973) reported that ergosterol also 
affects the physical properties of yeast mitochondrial ATPase. 
Increasing the cholesterol content of synaptosomal plasma 
membranes resulted in increases in the ATPase activity assoc­
iated with them (Alivisatos et al., 1977). In guinea pig 
erythrocytes, increased cholesterol content was accompanied 
by a decrease in that component of Na+ efflux sensitive to 
ouabain and so probably in the activity of a (Na+ + K+)-ATPase 
(Kroes and Ostwald, 1971).
The activities of membrane bound proteins other than 
enzymes may also be influenced by the lipid environment. 
Increasing the oleic and linoleic acid contents of E. coli 
membranes lowered the Arrhenius discontinuity temperatures 
of the 3-galactoside and 3- glucoside transport systems (Wil­
son et_ al. , 1970). These results were considered to be con­
sistent with the hypothesis that membrane carrier proteins 
are part of an ordered lipoprotein structure. Singh et al.
(1978) reported changes in the active transport of some amino
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acids in Candida, albicans , associated with changes in their 
cholesterol and phospholipid contents. This suggested, though 
was not conclusive evidence for, effects of membrane lipid 
composition on transport processes and, perhaps, the carrier 
proteins involved.
On the basis of much experimental evidence, such as that 
which has been presented here, there can be little doubt that 
the lipid composition of biological membranes profoundly 
affects their properties, though the details of the mechanisms 
involved are still far from being completely understood.
5.2 The Composition and Functions of the Yeast Plasma
Membrane
Since the properties and functions of biological mem­
branes seem to depend to a large extent on their lipid con­
tents, investigations of the compositions of yeast plasma 
membranes have been mostly concerned with describing the types 
and amounts of lipids present.
Longley et al. (1968) reported that the protoplast 
membrane of a strain of S_. cerevisiae contained, by weight, 
approximately 61% protein and 39% lipid, the latter being mainly 
composed of triglycerides, phospholipids and sterols. The 
major phospholipids were phosphatidyl ethanolamine and 
phosphatidyl choline. The predominant sterol was the rather 
unusual compound ergostatetrane-38-ol, but this seemed to be 
a characteristic of this particular strain; in two other
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strains of S_. cerevisiae and a strain of Candida utilis 
examined by these authors, ergosterol was the major sterol, 
as it was in another strain of S_. cerevisiae (Hunter and 
Rose, 1972), in the sugar tolerant (see section 4.3) yeast, 
Hansenula anomola (Ng and Landelle, 1977) and the halotolerant 
Debaryomyces hansenii (Merdinger and Devine, 1965).
The major fatty acids were palmitoleic (C16.1) and oleic 
(Ci8:i) acids, but as was indicated in section 4.3 and table 
3, fatty acid composition varies greatly among yeasts. The 
absence of polyunsaturated fatty acids in some yeasts makes 
them unique among eukaryotic microorganisms and suggests they 
lack the desaturase enzyme system necessary for their syn­
thesis from monounsaturated acids (Erwin, 1973). The distri­
bution of fatty acids in the various lipid fractions, and 
the proportions of both these fractions and of the fatty acids 
were virtually identical for whole yeast cells and isolated 
protoplast membranes. The specialised functions and pro­
perties of membrane bound proteins does not seem to depend on 
or be related to the amino acids they contain, since whole 
cells and the membrane fraction had very similar amino acid 
compositions.
Hunter and Rose (1971) have defined the yeast plasma 
membrane as being that which is "immediately adjacent to the 
cell wall, and bounds and gives shape to the cytoplasm".
It provides an expandable cover and protective barrier for 
the protoplast, is a site for the synthesis of the cell wall 
and extra-mural components, and controls the entry and exit
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of solutes. As for biological membranes in general, changes 
in the lipid composition, especially the fatty acid and 
sterol components, may affect these functions. Andreasen 
and Stier (1953, 1954) reported that, under anaerobic con­
ditions, yeast would only grow for a few generations unless 
supplied with unsaturated fatty acids and ergosterol. These 
requirements have provided a useful experimental "tool" for 
manipulating membrane composition, since the supplied com­
pounds, even if not normally present in the membrane, are in­
corporated largely unchanged, and account for a major pro­
portion of the fatty acid and sterol constituents (see, for 
example, Alterthum and Rose, 1973; Hossack and Rose, 1976; 
Thomas et al., 1978).
The importance of the lipid composition of the membrane 
in maintaining its structural stability has been indicated 
by studies of the behaviour of sphaeroplasts in hypotonic 
solutions. Alterthum and Rose (1973) reported that sphaero­
plasts, enriched in linoleic or linolenic rather than oleic 
acid, were more likely to lyse when suspended in hypotonic 
solutions, suggesting that the greater degree of unsaturation 
of fatty acids resulted in a more fragile membrane. Hossack 
and Rose (1976) observed that both swelling and lysis of sphaero 
plasts similarly treated occurred to lesser degrees in those 
with membranes containing ergosterol or stigmasterol rather 
than cholesterol or campesterol. It was proposed that the 
former sterols were better able to restrict the mobility of the 
fatty acid chains, which would increase when the membranes 
were stretched, this conferring greater stability on membrane
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structure. The presence of the 22 A side chain in these 
sterols could be at least partly responsible for this pro­
perty.
There is some evidence that cell wall composition and 
structure is influenced by the lipid composition of the mem­
brane, presumably due to the effects of the lipid environ- 
nî nt on the activities of wall synthesising enzymes located 
in the membrane (Hunter and Rose, 1971). Longley et al. (1968) 
found that the cell wall of the strain of S. cerevisiae they 
were studying was more easily digested by snail gut enzyme 
than were the walls in other strains, and suggested that this 
could be due to the peculiar sterol composition of its mem­
brane described previously.
.S• cerevisiae cells, the membranes of which were enriched 
in linoleic or linolenic acids, had walls which were less 
susceptible to B-glucanase action than those of yeasts in 
which oleic acid was the major membrane fatty acid (Alterthum 
and Rose, 1973).
The cell walls of the xerophilic S_. rouxii mutants iso­
lated by Koh (1975) and described previously (section 3.6), 
differed from those of their wild type parents in their low 
hexoseamine content and in the possible loss or lack of an 
outer mannan-containing layer. It was proposed that this 
could be related to the altered composition of the cell mem­
brane which contained a higher proportion of unsaturated 
fatty acids.
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The movement of substances across the yeast plasma mem­
brane may occur by (i) passive diffusion; (ii) facilitated 
diffusion3 in which a "carrier" molecule in the membrane is 
involved, but there is no energy requirement or transport 
against a concentration gradient; (iii) active transport, 
which requires both a membrane located carrier and expendi­
ture of metabolic energy, and which may occur against a con­
centration gradient.
The results of several workers suggest that glucose and 
galactose transport in S_. cerevisiae is by facilitated 
diffusion (see, for example, Cirillo, 1968; Seaston et al., 
1973; Kotyk and Michaljanicovä, 1974). However, the trans­
port of glucose, galactose and several other monosaccharides 
in Rhodotorula gracilis and of galactose, L-sorbose and xylose 
in Torulopsis Candida seem to be active processes (Kotyk and 
Höfer, 1965; Haskovec and Kotyk, 1973).
Canh elb al_. (19 75) reported that the entry of several 
four, five and six carbon polyols into S_. cerevisiae followed 
non-saturation kinetics, and so concluded that either simple 
passive diffusion, or facilitated diffusion with a low 
affinity carrier was involved. As in the case of sugars, 
transport of polyols into T. Candida (Haskovec and Kotyk, 1973) 
and R. gracilis (Klöppel and Höfer, 1976) was active and, in 
the latter yeast, involved the same carrier system as that 
for monosaccharides. Brown (19 74) suggested that the different- 
kinetics of glycerol uptake in S_. cerevisiae and S_. rouxii 
indicated that entry of the polyol into the former was by
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simple diffusion, but that for the latter an active process 
was probably involved. The presence of polyunsaturated 
^aLty acids in R. gracilis and S_. rouxii but not S. cerevisiae 
(see table 3) could be related to these differences in the 
transport of sugars and polyols.
Lin (1976) commented that, for bacteria, there seemed 
to be no reports of active transport of glycerol, that is 
against a concentration gradient, permeation being due rather 
to facilitated diffusion. A similar mechanism has been pro­
posed for the uptake of glycerol and erythritol by pigeon, 
and erythritol by human erythrocytes (Bowyer and Widdas, 1956; 
Hunter, 1970). Vreema (1966) suggested that the high in­
trinsic permeability of phospholipid bilayers to glycerol 
offers little evolutionary incentive to invent an active 
transport mechanism for glycerol, while Lin (1974) thought 
that, at least for bacteria, maintenance of a physiologically 
significant concentration gradient might be energetically 
prohibitive.
Gray (1941) reported that various yeasts differed in 
their tolerances of ethanol, and later (1948) suggested that 
this was due to their different permeabilities to the alcohol. 
Thomas et al. (1978) found that enriching the membranes of 
S_. cerevisiae with palmitoleic, oleic or linoleic acids in­
creased the viability of the cells in ethanol, and that the 
effectiveness of the fatty acids increased with increasing 
degree of unsaturation and decreasing chain length. Yeast 
containing ergosterol or stigmasterol had a greater tolerance
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"than "those in which cholesterol or campesterol was the major 
sterol. As described above, membranes rich in these sterols 
were more resistant to stretching. This could reflect a 
general "tightening" effect due to the interaction of these 
sterols with fatty acids, resulting in a membrane less per­
meable to ethanol. Reduced entry of ethanol into these cells 
was thought to be responsible for their increased tolerance.
While these effects of sterols seemed to be related to 
the presence of a A side chain, other aspects of the struct­
ure of sterols has also been implicated in their effects on 
the permeabilities of yeast membranes. Mutants of S. cere- 
visiae in which ergosterol was replaced by other sterols which 
differed in the locations of double bonds in the steroid 
nucleus or in the absence of a methyl group at position 24
in the side chain, were more permeable than the wild type to
• • 2 +crystal violet, monovalent cations and Ni (indicated by ESR
studies) (Bard et al., 1978; Kleinhans et al., 1979).
The abilities of the antifungal polyene antibiotics 
such as nystatin and amphotericin B, to alter the permeability 
properties of the yeast cell membrane has been attributed to 
their specific interactions with membrane sterols (Lampen, 
1966). Palacios and Serrano (1978) obtained evidence suggest­
ing that, at least at low concentrations, the action of these 
compounds is to specifically increase permeability to protons, 
resulting in the collapse of the membrane proton gradient.
The active uptake of many substances by yeast seems to be 
"driven" by such a gradient; examples include the uptake
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of sugars and polyols by R. gracilis (HOfer and Misra, 1978), 
and of maltose, a-methylglucoside, sucrose, several amino 
acids, inorganic phosphate and K by S_. cerevisiae (Seaston 
et al., 1973; Eddy et al., 1970; Eddy and Nowacki, 1971; 
Cockburn et_ al., 1975; Peña, 1975). Thus membrane sterols 
are likely to be important in active transport processes.
An ATPase activity, which probably acts as a "pump" to 
maintain the proton gradient, has been demonstrated in various 
preparations of yeast plasma membranes (Matile et_ al., 1967; 
Nurminen et al., 1970; Schibeci et al., 1973). Recently, 
Delhez et al. (1977) and Serrano (1978) have reported the 
isolation and characterisation of plasma membrane Mg -stimu­
lated ATPases from Schizosaccharomyces pombe and S_. cerevisiae 
respectively. The probable influences of both membrane fatty 
acid and sterol compositions on the activity of mitochondrial 
ATPase, and on plasma membrane (Na+ + K+) ATPases from various 
sources have already been described (see section 5.1). The 
lipid composition of the yeast plasma membrane could similarly 
affect the properties of the associated ATPase and so perhaps 
influence active transport.
Investigations of the yeast plasma membrane, such as 
those which have been described here, suggest that differences 
in membrane associated properties which occur between various 
species and strains of yeasts may be accompanied by and 
possibly due to differences in the composition of this
structure.
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6.0 Some Aspects of Glycerol Metabolism
6.1 Glycerol Synthesis and Degradation
Some members of all the major classes of microorganisms 
have been reported as producing considerable amounts of glycerol; 
for example, bacteria such as Bacillus subtilis (Neish et al., 
1945) and lactic acid streptococci (Platt and Foster, 1958), the 
protozoan parasite Trypanosoma rhodesiense (Grant and Fulton, 
1957), algae of the genus Dunaliella and both xerotolerant and 
non-tolerant yeasts as previously mentioned (see table 2 and 
section 4.1), and fungi including species of Mucor (Takahashi 
and Asai, 1933) , Pénicillium chrysogenum (Ballio et al., 1964), 
and Aspergillus niger (Barker et_ al., 1958). Insects seem to 
be the only group of multicellular organisms for which glycerol 
production is well documented. It has been found in caterpillar 
larvae and pupae in diapause (developmental arrest) (Takehara, 
1966), in the haemolymph of silkworms (Faulkner, 1958), and, as 
described previously (section 3.4), in many cold-tolerant 
species, especially at low temperatures.
Two reaction sequences have been suggested for the form­
ation of glycerol from its triosephosphate precursors, dihy- 
droxyacetone phosphate (DHAP) and glyceraldehyde phosphate. 
Dihydroxyacetone phosphate may be reduced, in an sn-glycerol- 
3-phosphate dehydrogenase (GPDH) catalysed reaction, to glycerol- 
3-phosphate, which is then dephosphorylated to glycerol. This 
mechanism seems to be responsible for glycerol production by 
Ŝ. cerevisiae (Gancedo et_ al. , 1968) and will be discussed in 
section 6.2. Alternatively the sugar phosphates may first be dephos-
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phorylated to dihydroxyacetone (DHA) or glyceraldehyde (GA) 
then reduced to glycerol. Activities preferentially reducing 
DHA rather than GA, and with NADPH+H+ rather than NADH+H+ have 
been found in the algae Dunaliella parva (Ben—Amotz and Avron, 
1974), D. viridis and D. tertiolecta (Borowitzka and Brown, 1974), 
the yeasts S. rouxii, Trigonopsis variabilis and Moniliella 
tomentosa (Verachtert and Dooms, 1969), and the fungus Mucor 
javanicus (Hochuli et_ al. , 1977 ). All these organisms could 
also reduce GA but activities were much less than with DHA.
An NAD - dependent glycerol dehydrogenase activity, oxidis­
ing glycerol to DHA, has been reported in B. subtilis (Lindgren 
and Rutberg, 1974). But Lin (1976) commented that available 
evidence suggested its role, in vivo, was in the synthesis of 
glycerol, presumably from DHA, rather than its catabolism.
On t#he other hand, activities reducing GA specifically, or 
in preference to DHA have also been reported, in the yeasts 
S. cerevisiae, Candida utilis (Verachtert and Dooms, 1969),
Candida utilis (Scher and Horecker, 1966), and Rhodotorula sp. 
(Watson et al., 1969 ; Sheys et_ al. , 1971); in the fungus 
Neurospora crassa (Viswanath-Reddy et al., 1978); in silkworms 
(Faulkner, 1958); and in various rat tissues (Mano e_t al. , 1961; 
Toews, 1967) and rabbit skeletal muscle (Kormann et_ al., 1972).
As for DHA, reduction of GA either specifically requires NADPH 
or activity with this nucleotide is much greater than with NADH.
Verachtert and Dooms (1969) suggested that, since they 
could detect no DHAP reducing activity in the yeasts S_. rouxii,
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Z.* v^-Piabilis ? M. tomentosa and C_. utilis , reduction of non­
phosphor ylafed trioses, either DHA or GA, was probably respons­
ible for glycerol production by these organisms.
Glycerol production by species of Dunaliella seems likely 
to be the result of DHA reduction, though the pathway leading 
"to the synthesis of this polyol has been the subject of some 
controversy. Brown and Borowitzka (1979) cited some workers who 
have proposed a reaction sequence involving DHAP reduction with 
NADH and so similar to that in S_. cerevisiae, but they proposed 
"that the alternative pathway in which DHA is directly reduced 
with NADPH to glycerol is more likely to be responsible. In 
support of this they pointed out that DHA reductase activity is 
high in these algae, the Km values for its substrates are similar 
to their intracellular concentrations and NADPH rather than NADH 
is more likely to be involved in reduction reactions in a photo­
synthetic organism. They also pointed out that the modifications 
of the enzyme’s activity by glycerol and DHA, which act as posi­
tive and negative effectors respectively, is consistent with 
its having a role in the regulation of glycerol production.
The presence of glycerol in silkworm haemolymph is probably 
due to the reduction of glyceraldehyde (Faulkner, 1958). The 
glycerol formed in the reduction of GA by C. utilis, Rhodotorula 
sp. and the various rat tissues, as described previously, may 
be an intermediate in a reaction sequence rather than an accumu­
lated product. Scher and Horecker (1966) suggested that GA 
reduction in C. utilis is involved in the conversion of the
aldose to the corresponding ketose, and the activity in a species
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Rhodotorula could have a similar function in "the dissimilation 
of GA, which could be used as a carbon source by this yeast 
(Watson et al., 1969 ; Sheys et al., 1971). Toews ( 1967 ) pro­
posed that NADPH-dependent GA reduction in rat tissue may be 
involved in a transhydrogenation mechanism; NADPH is oxidised 
in the formation of glycerol, which is phosphorylated then oxid­
ised, this being accompanied by the reduction of NAD+.
Most of the activities reducing DHA or GA or both, also 
oxidise glycerol, those from Dunaliella spp. (Ben-Amotz and 
Avron, 1974; Borowitzka and Brown, 1974), N. crassa (Viswanath- 
Reddy et al_. , 1978 ), and silkworm (Faulkner, 1958 ) having much 
higher pH optima for the oxidation of the polyol (8.5) than the 
reduction of the triose (approximately 7.5). Verachtert and 
Dooms (1969) could not detect any glycerol oxidising activity 
in extracts from S_. rouxii and S_. cerevisiae. The former find­
ing was supported by the results of Simpson (1976), but the 
latter was in conflict with the work of Uehara and Takeda (1964) 
who reported that GA reduction by S_. cerevisiae was reversible.
As for glycerol synthesis, there are also two major pathways 
by which organisms catabolise this compound:phosphorylation to 
glycerophosphate followed by oxidation, often by a flavoprotein 
enzyme associated with an electron transport chain, or oxidation 
to a triose which can then be phosphorylated to a glycolytic 
intermediate. Glycerol degradation may be involved, not only 
in its utilisation as a carbon source by many bacteria (Lin,
1976) and yeasts (Lodder, 1970), but also in the regulation of 
its intracellular concentration in organisms such as Dunaliella
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SPP• -̂n which it functions as an osmoregulatory solute (Brown 
and Borowitzka, 1979).
Dissimilation of glycerol by various bacteria, as reviewed 
by Lin (1976) may occur by either or even both these pathways. 
The activities of glycerol kinase and mitochondrial glycero­
phosphate oxidase in Ĉ. utilis were greatly increased when the 
yeast was grown on glycerol (Gancedo et al. , 1968) suggesting 
that its utilisation involved phosphorylation followed by oxid­
ation. Since glycerol kinase could only be detected in S_. 
cerevisiae when glycerol was present in the medium (Wieland and 
Suyter, 1957), and the yeast also contains glycerophosphate 
oxidase activity (Gancedo et al. , 1968), a similar reaction 
sequence is probably responsible for its catabolism of glycerol. 
In contrast, Barnett (1968) suggested that utilisation of other 
polyols by yeasts involved oxidation followed by phosphorylation 
Tom et al. (1978) have proposed that in N. crassa, glycerol is 
metabolised in an unusual sequence of reactions; glyceraldehyde 
the product of glycerol oxidation, is further oxidised to 
glycerate which can then be phosphorylated to a glycolytic 
intermediate.
In Dunaliella species, degradation of accumulated intra­
cellular glycerol probably involves its oxidation to DHA and the 
phosphorylation of this compound to DHAP which can then enter 
the glycolytic pathway. A DHA specific kinase has been found 
in D. parva (Lerner and Avron, 1977). Although the Km values 
for glycerol of the DHA reductases from D. parva, D. tertiolecta 
and D. viridis are high, they are of a similar order to the
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intracellular concentrations of this compound and likely to be 
responsible for its breakdown as well as its synthesis.
6.2 Glycerol-3-phosphate Dehydrogenase
In 1937, Green et al. and von Euler et al. discovered that 
extracts from several mammalian tissues could convert triose- 
phosphate to glycerophosphate, and oxidise the latter compound, 
both reactions requiring the presence of "coenzyme I". Green 
et al. noted that the oxidation activity was specific for the 
laevorotatory form of a-glycerophosphate, and was distinct from 
the cytochrome associated oxidation of this compound reported 
by Green (1936).
The enzyme responsible for these activities, now called sn- 
glycerol-3-phosphate:NAD 2-oxidoreductase (E .C .1.1.1.8) or, less 
formally, sn-glycerol-3-phosphate dehydrogenase (GPDH) (Berg­
meyer, 1974a), was crystallised from rabbit muscle by Baranowski 
in 1949. The reaction catalysed is
L-glycerol-3-phosphate + NAD+^= ^ DHAP + NADH + H+
The activity has now been demonstrated in, and the enzyme 
isolated from many organisms and tissues, as the examples in 
tables 4 and 5 indicate, and its characteristics and properties 
thoroughly investigated. In his review of the enzyme, Baranowski 
(1963) stated that levels of activity were extremely high in 
insect muscle, relatively high in skeletal and heart muscle, 
liver and kidney, and low or absent in most tumours. Marquardt
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and Brosemer (1966a) commented that the highest activities 
reported occur in the flight muscle of insects.
The properties of the enzyme from a wide variety of 
sources have been shown to be quite similar. Table 4 gives 
a representative sample of molecular weight values which 
have been reported. The enzymes from such diverse sources 
as Escherichia coli, honey bee thoraces, and chicken, rat and 
rabbit muscle (Edgar and Bell, 1978; Brosemer and Marquardt, 
1966; White and Kaplan, 1969; Fondy et al., 1968; van Eys 
3-i* j 1964) have been shown to be dimers, so it seems 
likely that this is a universal feature.
The results of Pfleiderer and Auricchio (1964), Kim and 
Anderson (1969) and Anderson et al. (1978) for the enzyme 
from rabbit muscle, and of White and Kaplan (1969) for that 
from chicken tissues, suggest that there are two binding 
sites for the pyridine nucleotide, probably one on each sub­
unit. On the basis of kinetic studies of the rabbit muscle 
enzyme, Black (1966) proposed that the reaction mechanism 
was sequential and ordered, with the nucleotide binding first.
The tissues of many organisms including bumblebees, 
chickens, rats and rabbits seem to contain several molecular 
forms of GPDH (Fink et al., 1970; White and Kaplan, 1969; 
McGinnis and de Vellis, 1974; Ostro and Fondy, 1977), and 
electrophoretic techniques have demonstrated that their dis­
tribution patterns are different in different tissues; e.g.
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Table 4. The Molecular Weights of sn-Glycero1-3-phosphate 
Dehydrogenases from Various Sources
I
Source Molecular
Weight
1
Reference
Escherichia coli 50,000 Edgar and Bell (1978)
Bumblebees 65,000 Fink et al. (1970)
Honeybee thoraces 65,000 iBrosemer and !
Marquardt (1966)
Chicken liver and muscle 60-65,000 White and Kaplan
(1969)
Rat Brain 72,000 McGinnis and de Vellis
(1974)
Rat skeletal muscle 58,300 Fondy et al. (1968)
Rabbit skeletal muscle 76,800 van Eys et al_.
(1964)
Rabbit skeletal muscle 60 ,000 Fondy et al. (1969)
. . __  » i
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in bumblebee flight muscle as compared with head and abdo­
men (Fink et al. , 19 70) , in rabbit heart as compared with 
several other tissues (Ostro and Fondy, 1977) , and in chicken 
muscle and liver (White and Kaplan, 1969).
A feature of the enzyme from rabbit and monkey muscle, 
and yeast is the presence of a non-protein UV absorbing com­
ponent which van Eys et al. (1959) reported could be removed 
from the rabbit muscle enzyme with no effect on its activity 
provided EDTA was present. Celliers et al. (1963) suggested 
that the unusual UV absorption spectrum was due to ADP- 
ribose and a thiazole derivative, possibly thiamic acid.
The purified enzyme from rabbit muscle oxidises only the 
L form of sn-glycerol-3-phosphate, while DHAP is the only 
compound reduced (Bergmeyer, 1974a). The rate of reduction 
with NADPH has been reported to be only 10% that with NADH 
(Bergmeyer, 1974a) or completely absent (Ostro and Fondy, 1977). 
The reduction of DHAP by an extract from S. cerevisiae was 
specific for NADH (Gancedo et al., 1968). In contrast, for 
the E. coli enzyme, the rate of DHAP reduction with NADPH was 
twice that with NADH (Kito and Pizer, 1969).
The pH optimum for DHAP reduction has been reported as 
7.5 for the enzymes from E. coli (Kito and Pizer, 1969), rat 
brain (McGinnis and de Vellis, 1974) and rabbit muscle (Young 
and Pace, 1958), while glycerophosphate oxidation by the 
rabbit enzyme was maximum at pH 10.2. This is reminiscent 
of the situation for glycerol oxidation in some organisms
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mentioned in the previous section.
The direction of the reactions catalysed by the activ­
ities in E. coli, chicken liver and muscle, and rabbit 
muscle is very much in favour of DHAP reduction, as is indi­
cated by the equilibrium constants CKito and Pizer, 1969; 
White and Kaplan, 1969; Young and Pace, 1958). Sols (1967) 
stated that DHAP reduction in S_. cerevisiae is irreversible.
The values for the substrates of GPDH (see Table 5) 
illustrate again the similarity of the properties of the 
enzyme from a diversity of sources, especially considering 
the variations in isolation techniques and assay procedures 
used.
According to Baranowski (1963) GPDH has three possible 
functions - (i) in the glycerophosphate (Bilcher) cycle, for 
the transfer of reducing equivalents from extramitochondrial 
NADH to the respiratory chain, as in the following scheme -
NAD + NADH+H +
glycerophosphate DHAP cytoplasm
GPDH
glycerophosphate
glycerophosphate
oxidase v
--  ,— ■ -----  DHAP mitochondrion
FP FPH 2
FP - flavoprotein
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Table 5. Values for sn-Glycerol-3-Phosphate
Dehydrogenases
Substrate Source K (mM) m . Reference
.Dihydroxy- E. coli 0.18 Edgar and Bell
acetone (1978)
phosphate S. cerevisiae 0.30 Gancedo et al.
(1968)
Honeybee 0.33 Marquardt and
thorax Brosemer (1966b)
Chicken muscle 0.23 White and Kaplan
, (1969)
Chicken liver 0.43 White and Kaplan
'
(1969)
Rat muscle 0.08-0.19 Fondy et_ al.
(1968)
Rat brain 0.17 McGinnis and de
Vellis (1974)
Rabbit muscle 0.46 Young and Pace
(1958)
Rabbit muscle 0.08 Black (1966)
Rabbit liver 0.02 Lee and Craine ii
i
(1971) j
sn-Glycerol- E. coli 0.03 Edgar and Bell -
3-phosphate . (1978)
Chicken muscle 2.2-14.5 White and Kaplan
(1969)
■
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Table 5 (continued)
Substrate Source Km (mM) Reference
sn-Glycerol- Chicken liver 0.08-0.12 White and Kaplan
3-phosphate
J
(1969)
Rat muscle CDi—1 1COoo Fondy et al.
(1968)
Rat brain 0.03 Fondy et al.
j (1968)
Rabbit muscle ; 0.38 Young and Pace
(1958)
Rabbit muscle 0.16 Black (1966)
Rabbit liver 0.03 Lee and Craine
(1971)
NADH E. coli 3.4xl0-3 Edgar and Bell
(1978)
S. cerevisiae 0.50 Gancedo et al.
(1968)
Honeybee 0.01 Marquardt and
thorax Brosemer (1966b)
Chicken muscle 6.OxlO-3 White and Kaplan
(1969)
Chicken liver l.i+xlO-4 White and Kaplan
(1969)
Rat muscle 0.01 Fondy et al. j
(1968)
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Table 5 (continued)
Substrate Source Km (mM) Reference
NADH Rat brain 0.01 McGinnis and de 
Vellis ( 19 7++ )
Rabbit muscle • 6.OxlO-3 Black (1966)
Rabbit liver 4.2xl0-3 Lee and Craine 
(1971)
. NAD+ Rat brain 0.03 McGinnis and de 
Vellis (1971+)
Rabbit muscle 0.38 Young and Pace 
(1958)
Rabbit muscle 0.16 Black (1966)
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(ii) in regenerating cytoplasmic NAD+ from the reduced 
nucleotide when oxygen supply is inadequate and lactate 
dehydrogenase activity is low, thus preventing a decrease 
in the redox potential of cytoplasmic NAD+-linked systems;
(iii) in the synthesis of glycerol-3-phosphate, needed for 
glycerophosphatide and lipid synthesis.
He suggested that the very high levels of activity in 
insect flight muscle (as much as one hundred times those in 
rabbit muscle (Zebe and McShan, 1957))play an important role 
in the high aerobic energy production in this tissue, taking 
part in the Bticher cycle and so the regeneration of cyto­
plasmic NAD+. Zebe and McShan (1957) found that the levels 
of lactate dehydrogenase in insect muscle were extremely low, 
so the function of GPDH in oxidising NADH is likely to be 
especially significant. These workers also reported that 
there was an inverse relationship between the levels of these 
two enzymes in other insect tissues.
Guppy and Hochachka (1978) proposed that competition 
between GPDH and lactate dehydrogenase for NADH provides a 
regulatory mechanism in tissues such as vertebrate muscle, 
which contain similar levels of both activities, and can 
metabolise anaerobically as well as aerobically. Both enzymes 
catalyse near equilibrium reactions, and Black (1966) reported 
that GPDH from rabbit muscle had a similar Km to that of 
lactate dehydrogenase for NAD+ and its reduced form. Under 
aerobic conditions NAD+ is regenerated in the GPDH reaction 
since lactate dehydrogenase is inhibited by the relatively high levels of
creatine phosphate present; when oxygen is deficient 
creatine phosphate concentrations drop, glycerophosphate 
accumulates and inhibits GPDH, so the oxidation of NADH pro­
ceeds via the lactate dehydrogenase catalysed reduction of 
pyruvate.
Gancedo et al. (1968) suggested roles for GPDH in S_. 
cerevisiae similar to those proposed by Baranowski for the 
enzyme in a more general context. Its primary function is 
probably in triglyceride synthesis, the acyltransferase in­
volved in this having a low Km , and so high affinity for 
glycerophosphate (Kornberg and Pricer, 1953). It is likely 
that the Btlcher cycle occurs in S_. cerevisiae, since the yeast 
contains a mitochondrial glycerophosphate oxidase (Gancedo 
et al., 1968) which, together with GPDH is necessary for the 
operation of this cycle.
Finally, GPDH seems to be involved in increased glycerol 
production by S_. cerevisiae under conditions such as anaero- 
biosis or a blockage in acetaldehyde reduction when, as 
described in section 4.1, cytoplasmic NADH is oxidised by the 
reduction of DHAP. The glycerophosphate so formed may then 
be dephosphorylated by an L-glycerophosphate specific phos­
phatase (Gancedo et al_. , 1968). A respiratory deficient 
mutant of S_. cerevisiae was reported by Watson (19 70) to pro­
duce much more glycerol than the wild type; this was probably 
due to similar mechanisms. It is significant that Gancedo 
et al. (1968) found that the levels of GPDH activity were 
higher in extracts of S_. cerevisiae grown anaerobically rather
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than in the presence of oxygen.
Lagunas and Gancedo (1973) have proposed that the re­
generation of NAD in the GPDH reaction is an important 
regulatory device in yeast, maintaining the cytoplasmic 
NAD /NADH+H ratio at a steady level, not only in conditions 
such as those described above but also when S. cerevisiae is 
grown aerobically and in the presence of glucose, so that 
respiration is inhibited due to the Crabtree effect (see 
section *4.3). When this yeast was grown in 2% glucose they 
found that only 1-2% of the sugar consumed was catabolised 
by the respiratory pathway. Both they and Nordstrom (1966, 
1968) have pointed out that, while the reduction of acetalde­
hyde to ethanol can account for the oxidation of NADH formed 
in glycolysis, many biosynthetic reactions are oxidative 
resulting in further formation of the reduced nucleotide, 
and it is in the regeneration of NAD+ from this, in the ab­
sence of respiration, that the GPDH reaction is important. 
They found that glycerol production was greater when bio­
synthetic requirements were increased due to growth on minimal 
rather than complex media.
Regulation of GPDH from various sources may be due to 
modifications of the activity of enzyme already present, or 
to changes in the levels of enzyme protein, or both. Product 
or "feedback" inhibition of DHAP reduction by glycerophos­
phate has been reported for the enzymes from E. coli (Kito 
and Pizer, 1969; Edgar and Bell, 1978); honeybee flight 
muscle, squid mantle muscle, trout, turtle, and tuna muscle
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(Guppy and Hochachka, 1978); and rabbit muscle (Blanchaer, 
1965; Black, 1966) and liver (Lee and Craine, 1971). On 
the basis of kinetic studies, Kito and Pizer (1969) and Edgar 
and Bell (1978) have proposed that product inhibition of the 
5.* enzyme has allosteric characteristics, and that L-
glycerol-3-phosphate binds at a site other than the active 
site on the enzyme-NADPH complex altering the conformation 
of the enzyme molecule. The results of Lee and Craine (1971) 
and Blanchaer (1965) suggested that glycerophosphate inhib­
ition of DHAP reduction by the rabbit liver and muscle enzymes 
was competitive with respect to DHAP; on the other hand, 
Black's (1966) results for the rabbit muscle enzyme suggested 
non-competitive inhibition.
The probable role of product inhibition of DHAP reduction 
in metabolic regulation in vertebrate muscle tissue has al­
ready been discussed. Kito and Pizer (1969) thought that 
feedback inhibition in E. coli may serve to maintain glycero­
phosphate levels high enough for phosphatidic acid synthesis 
but sufficiently low to prevent the induction of glycero­
phosphate oxidase.
Other compounds which have been shown to inhibit GPDH 
activity (DHAP reduction) from various sources are shown in 
Table 6.
Levels of GPDH in rat brain, but not muscle, seem to be 
regulated by corticosteroids. Decreased activity in brain 
extracts from animals from which the pituitary or adrenal
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Table 6. Inhibitors of Dihydroxyacetone Phosphate 
Reduction by sn-Glycerol-3-phosphate Dehydrogenase
Inhibitor Enzyme Source Reference
0.1M (NHu )2S04, E. coli Kito and Pizer (1969)
NH^Cl, KC1,
K3PV  Na3P04
0.1M K+, S. cerevisiae Gancedo et al. (1968)
lOmM Mg2+
s<\2", p o43-’ Rabbit muscle Sellinger and Miller
CH3C00" (1959)
ADP S. cerevisiae Gancedo et al. (1968)
AMP, ADP Rabbit muscle Kim and Anderson
(1968)
Fructose-1,6- Rabbit muscle Bergmeyer .(19 74a)
diphosphate
PalmitoylCoA E. coli Kito and Pizer (1969)
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glands had been removed was shown to be due to decreases 
in the number of enzyme molecules (McGinnis and de Vellis, 
1977), while induction of activity in rat brain cells in 
culture by hydrocortisone was due to increased enzyme syn­
thesis (Breen et al_. , 1978 ). Increased enzyme synthesis was 
also responsible for the higher levels of GPDH activity in 
rat mammary gland during lactation (Emery and Baldwin, 1967). 
The increased levels of DHAP reducing activity in bee flight 
muscle at that stage in its life cycle when it begins to 
fly (Marquardt and Brosemer, 1966a), and as previously des­
cribed, in extracts of anaerobically grown S_. cerevisiae, 
are probably similarly due to increases in the amount of 
enzyme protein. The GPDH activity induced in N. crassa (Tom 
et al. , 1978) and B. subtilis (Lindgren and Rutberg, 1974) 
in the presence of glycerol is probably involved in the oxid­
ation of glycerophosphate rather than the reduction of DHAP.
Considering the similarities of the characteristics of 
GPDH from many sources, it is likely that those properties 
of the enzyme in yeast, (of particular relevance in the 
present context) which have not yet been investigated, will 
resemble those of GPDH from other organisms.
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MATERIALS AND METHODS
1.0 Reagents
1.1 Chemicals
Name Description Manufacturer
Acetic Acid L.R. May and Baker
Acetone A. R. Univar
Adenosine-5 T- Disodium salt Boehringer
triphosphate (ATP) Mannheim
Albumin From bovine serum Sigma
Aniline L.R. May and Baker
D-Arabitol For biochemistry Merck
-
Boron trifluoride Approx. 14% w/w B.D.H.
in methanol complex
n-Butanol L.R. Univar
Butylated hydroxy- Sigma
toluene i
i
j
Calcium chloride Dihydrate A.R.
1
1
Merck
Carbon disulphide A. R. Univar
i
Chloroform A.R. , !Mallinckrodt i
Chromotropic acid Sodium salt L.R. B.D.H.
Citric acid A.R. B.D.H.
Cupric sulphate L.R. Unilab
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! Name Description Manufacturer
O-Dianisidine A. R. B.D.H.
| Diethyl etheri A. R. Mallinckrodt
! Diethylene glycol Supelco
succinate
1,3-Dihydroxyacetone L.R. B.D.H.
Dihydroxyacetone Lithium salt Sigma
phosphate
Dithiothreitol A grade B.D.H.
Dipotassium hydrogen A. R. Univar
orthophosphate
Disodium hydrogen A. R. B.D.H.
orthophosphate j
Elgastat Mixed-bed ion Elga Products Ltd, 1
exchange resin England
D-Erythrose-4- Sodium salt Sigma
! phosphate Grade 2 jjEthanol L.R. # !Univar j
Ethylenediamine- Disodium salt B.D.H. ;
tetraacetic acid (EDTA) A. R.
Florisil 60-100 mesh Merck
Folin-Ciocolteau reagent B.D.H.
D-Fructose Merck
D-Fructose-6-phosphate Disodium salt Sigma
Grade 1
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Name Description Manufacturer
Gas Chrom P 100-120 mesh Supelco
Glucose A. R. Univar
D-Glucose-6-phosphate Monosodium salt Sigma
Sigma grade
D ,L-Glyceraldehyde Sigma
Glycerol A. R. B.D.H.
Glycylglycine Free base Sigma
Guanosine-5 T- Trisodium salt Boehringer
triphosphate Mannheim
(GTP)
Imidazole A grade Sigma
Isopropanol A.R. Univar
Magnesium chloride A.R. B.D.H.
Magnesium sulphate Trihydrate A.R. May and Baker
Maltose May and Baker
Mannitol Biochemical grade B.D.H. ;
2-Mercaptoethanol iEastman Kodak
Co
Methanol A.R. Univar
Nicotinamide adenine Free acid Calbiochem
dinucleotide Tetrahydrate
(NAD+ ) A grade
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Name Description Manufacturer
Nicotinamide adenine Disodium salt Calbiochem
dinucleotide (.reduced) A grade
(NADH)
Nicotinamide adenine Monosodium salt Calbiochem
dinucleotide phosphate Tetrahydrate
(NADP+) A grade
Nicotinamide adenine Tetrasodium salt Calbiochem
dinucleotide phosphate Trihydrate
i
i
i
(reduced) (NADPH) A grade jj
Pararosaniline
|
Hopkin and Williams!
hydrochloride Ltd, Essex, England.
Petroleum ether A. R. May and Baker
6-Phosphogluconic Trisodium salt Sigma ;
i
acid Sigma grade i
Phthalic acid L.R. B.D.H.
Polyethylene glycol L.R. B.D.H.
(average mol. wt .  200;
PEG 200) ’
Potassium chloride A. R. Univar
j
Potassium dihydrogen A. R. Univar
orthophosphate
Potassium tartrate A. R . B.D.H.
Pyridine A. R . Gd • Ö it •
! i i_
__
__
__
__
D-Ribose-5-phosphate Disodium salt
i
i!
Sigma ;
í
Sigma grade »
.
118
Name
!
Description Manufacturer
Silver nitrate A. R. B.D.H.
Sodium bisulphite A. R. B.D.H.
Sodium carbonate A. R. Univar
Sodium chloride A. R. Univar
Sodium hydroxide A. R. Univar
Sodium periodate B.D.H.
Sucrose A.R. Univar
Sulphuric acid A.R. Univar !
i
Thiamine pyrophosphate Obtained through Sigma
chloride Sigma *
Thiourea A.R. B.D.H.
D-Trehalose Dihydrate Sigma
Triethanolamine Sigma
hydrochloride
i
D-Xylulose-5-phosphate
i
i
Sodium salt i
i
Sigma
Grade 2
___________________ i
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1•2 Enzymes
Name Description
—
Manufacturer
Aldolase From rabbit muscle 
Crystalline 
suspension 9 U/mg
Boehringer
Mannheim
Glucose oxidase Type II from 
Aspergillus niger 
14,650 U/mg
Sigma
Glycerol-3-phosphate From rabbit muscle Boehringer
dehydrogenas e Crystalline 
suspension 60 U/mg
Mannheim
Peroxidase Horseradish (crude) 
44 U/mg
Sigma
Triosephosphate From rabbit muscle Boehringer
isomerase Crystalline 
suspension 60 U/mg
Mannheim
1.3 Bacteriological Media
Agar Davis
Bacto-peptone Difco Labs.
Malt extract agar Oxoid
Yeast extract Merck
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2.0 Growth of Organisms
2.1 Organisms
The xerotolerant yeast Saccharomyces rouxii, strain YA, 
and the non-tolerant yeast Saccharomyces cerevisiae, strain 
Y41, described by Anand and Brown (1968) and assigned the 
American Type Culture Collection (ATCC) numbers 38528 and 
38531 respectively were used throughout this study.
Stock cultures of the xerotolerant and non-tolerant
yeasts were maintained on slants of synthetic honey agar (1%
yeast extract agar containing 48% (w/v) glucose; a 0.924)w
and malt extract agar respectively, in screw-capped bottles 
at 4°C.
2.2 Preparation of 
Basal Medium
Peptone 
Yeast Extract 
KH2P0^ 
MgS04 .3H20 
CaCl2.2H20 
Glucose 
Distilled H20 
pH
Liquid Growth Media
5.0 gm 
2.5 gm
1.0 gm 
0.18 gm 
0.13 gm
5.0 gm 
1 litre
6.1
0.997
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'̂"ie aw o:̂  medium was adjusted to lower values by
the addition of appropriate amounts of NaCl, according to 
data from Robinson and Stokes (1955) or of PEG 200, as 
described by Anand and Brown (1968). PEG 200 was deionised 
before use by treatment of a 50% (w/w) solution in water, 
with "Elgastat" ion exchange resin as in Anand (1969).
Media were autoclaved at a pressure of 12 lb/sq in for 
12 minutes.
2.3 Growth of Yeast Cultures in Liquid Media
Yeast were grown with rotary agitation (200 r.p.m.) at 
30°C in appropriate media in conical flasks plugged with 
cotton wool. Flasks with capacities of approximately 100 ml, 
250 ml, and 1 litre contained 50 ml, 100 ml, and 400 ml 
respectively of medium.
A similar inoculation schedule was used for the growth 
of cultures for all experiments. A preinoculum culture (50 
or 100 ml) was obtained by transferring a loopful of a young 
(1 to 2 days) agar slant culture of the yeast to basal medium 
and growing to stationary phase (24 to 48 hours). Appropriate 
volumes of this were used to grow "inoculum" cultures; 
aliquots, 5% by volume of the final volume (100 or 400 ml) 
of the inoculum cultures, were transferred to medium of the 
same composition as that to be used for the "experimental" 
cultures. Forty ml of these cultures, in stationary phase, 
were transferred to 360 ml of medium of the same aTT for the
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growth of experimental cultures.
The inoculation procedure for the growth of experimental 
cultures in basal medium and at two lower water activities 
((1) and (2)) is shown in the following diagram:
Preinoculum
culture
Inoculum
cultures
Experimental
cultures
Agar slant culture
Basal medium
Basal
medium
v
Basal
Medium
5ml
v
9 5ml
Medium Medium 
adjusted adjusted
to a (1) to a (2) w w
V
Medium
adjusted
Medium
adjusted
to a (1) w to a (2) w
4 0 ml
or v
360ml
40ml
V
360ml
Growth rates were determined from the changes in the 
optical densities of "experimental” cultures during growth, 
measured at 700mm using a Bausch and Lomb Spectronic 20 
spectrophotometer.
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3.0 Analytical Methods
3.1 Harvesting of Cultures
Experimental cultures, in mid-exponential phase unless 
otherwise specified, were thoroughly chilled in ice, then 
centrifuged at 12,000 g for 15 min at 0°C, in a Sorvall RC-5 
refrigerated centrifuge. The supernatants were immediately 
frozen, and later, after concentration by freeze-drying if 
necessary, analysed for various extracellular compounds as 
specified.
The cell pellets were washed twice by suspending them 
in cold water (approximately 5ml per 50 to 100 mg dry weight 
of yeast) or, where appropriate, in sodium chloride solutions 
with water activities similar to those of the growth media, 
then centrifuging briefly at 12,000 g at 0°C. The washings 
were frozen and later analysed; where necessary, they were 
concentrated by freeze-drying before analysis. The washed* 
cells were freeze-dried. The weights of the freeze-dried 
cell samples were determined and recorded as the ’’dry cell 
masses’’.
3.2 The Extraction of Cells for Analysis
Freeze-dried washed yeast samples were suspended in cold 
ethanol (approximately 10 ml per 50 to 150 mg dry mass of 
yeast) overnight at 0°C. Cold water (1.5 times the volume 
of ethanol) was added to this suspension, the slurry was 
maintained at 0°C for 4-5 min, then centrifuged at 27,000 g 
for 10 min at 0°C. The cell debris was washed twice by sus­
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pending in water (volume the same as that of the ethanol 
added), and centrifuging at 27,000 g for 15 min. The extract 
and washings were combined, concentrated by rotary evaporation 
under vacuum at approximately 40°C, then freeze-dried.
3.3 Qualitative Paper Chromatography
The major intracellular and extracellular carbohydrate 
components of cell extracts and washes, and culture super­
natants, concentrated where necessary, were separated by paper 
chromatography. The chromatograms were routinely run on 
Whatman No 1 paper in butanol + acetic acid + water (6:2:1).
In addition, an isopropanol + pyridine + acetic acid + water 
(8:8:1:4) solvent system was used in the identification of 
trehalose. Compounds were detected with silver nitrate re­
agent (Block et al. , 1958), and identified by comparing their 
chromatographic mobilities and reactions with silver nitrate 
reagent, periodate-Schiff’s base reagent (for polyols) 
(Baddiley et al., 1956) and aniline phthalate (for reducing 
sugars) (Block et al_. , 19 58), with those of standard sugars 
and polyols.
3.4 Polyol Estimations
Quantitative paper chromatography was used to determine 
the arabitol and glycerol contents of culture supernatants 
(i.e. extracellular polyol levels), extracts of washed cells 
and their washings. Samples, 0.1 ml containing approximately 
0.2 to 0.9 ymoles of polyols, as well as 5 yl of standard 
arabitol and glycerol solutions which acted as "markers",
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were applied to Whatman 3MM chromatography paper, and the 
chromatograms were run for approximately 15 hours in the 
butanol + acetic acid + water solvent system described pre­
viously. Strips were cut from the chromatograms at positions 
corresponding to the "markers" (detected with silver nitrate 
reagent) and the sample polyols eluted with water (5 to 10 ml) 
for approximately 24 hours.
Arabitol and glycerol in the eluates, concentrated by 
freeze-drying, were estimated by the periodate oxidation 
method of Hanahan and Olley (1958) using mannitol standards. 
This colorimetric method was also used to determine the total 
polyol contents, rather than those of the individual polyols, 
of culture supernatants, extracts of washed cells and their 
washings, and these agreed well with values obtained by 
summation of the arabitol and glycerol contents.
3.5 Glucose Estimations
Glucose was estimated in culture supernatants, extracts 
of washed cells and their washings using glucose oxidase and 
o-dianisidine sulphate as described by Davies and Wayman 
(1973) .
3.6 Extraction of Lipids and Methylation of Fatty Acids
The extraction of lipids from freeze-dried washed cells 
was based on the method described by Hunter and Rose (1972). 
Dried cells (100 to 150 mg) were suspended in 20 ml of
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redistilled ethanol at 80°C for 15 min. Butylated hydroxy- 
toluene (0.5 mg) was added as an antioxidant. The suspension 
was filtered and the residue dispersed in 15 ml of redis­
tilled methanol. An equal volume of chloroform was added, 
the suspension was stirred for 2 hours then filtered, and the 
filtrate added to that from the ethanol treatment. The 
residue was extracted twice more, each time with 30 ml chloro­
form + methanol (1:1, v/v) in a similar manner. The combined 
extracts were filtered through sintered glass (porosity No 5) 
then rotary evaporated in vacuo to dryness.
The extracts were redissolved in 5 ml chloroform + 
methanol (2:1, v/v), 1 ml 0.88% (w/v) KC1 was added, and the 
mixture was shaken then centrifuged at 1,100 g for 5 min.
The upper phase was discarded. The lower phase was washed 
twice with 1.5 ml chloroform + methanol + 0.88% KC1 (8:4:3, 
v/v), with centrifugation as previously, and then rotary 
evaporated to dryness.
This purified lipid extract (5 to lOmg) was methanolysed 
in a sealed tube with 2 ml boron trifluoride in methanol 
(14% w/w) complex, at 60°C for 45 min. The reaction was 
stopped by cooling the mixture to 0°C and adding 3 ml water, 
and the methyl esters extracted with 3 x 5 ml aliquots of 
petroleum ether. This procedure was essentially that des­
cribed by Morrison and Smith (1964).
The methylated fatty acids were purified by the method 
of Bishop and Smillie (1970). The petroleum ether extracts
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were passed through a column of Florisil (60-100 mesh) + 7% 
(w/w) water, then the methyl esters were eluted with 5% (v/v) 
diethyl ether in petroleum ether, and the solvent evaporated 
with ^ 2 » Samples were stored under N2 at -20°C, and re­
dissolved in carbon disulphide for gas-liquid chromatography.
3.7 Determination of Fatty Acid Composition by Gas-liquid
Chromatography
Fatty acids were identified and their contents relative 
to the total content of fatty acids determined by gas-liquid 
chromatography of their methylated derivatives using a 1.8m 
x 4mm column of 10% (w/w) diethylene glycol succinate (DEGS) 
on Gas Chrom P (100-120 mesh) at 165°C with as a carrier 
gas.
3.8 Protein Estimations
Protein was estimated by the method of Lowry et al.
(1951) using bovine serum albumin standards.
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4.0 Determination of Enzyme Activities 
4 • 1 Preparation of Cell-free Extracts
Cultures grown to mid-exponential phase, as described 
previously, were chilled thoroughly in ice, then centrifuged 
briefly at 13,200 g at 0°C. The cells were washed twice by 
resuspending the pellets (mass equivalent to 0.25 to 1 gm 
dry weight) in approximately 25 ml of phosphate buffer (Na+
+ K , 0.067M, pH 7.0; Sorensen buffer, see Dawson et al. (1974)), 
then centrifuging briefly at 12,100 g at 0°C. The yeast was 
disrupted with a modified Hughes’ press (described by Anand, 
1969) pre-cooled in an ethanol-dry ice mixture. A cell-free 
extract was obtained by diluting the paste of disrupted cells 
with 1 to 1.5 ml of Sorenson buffer, then centrifuging at 
39,100 g for 30 min at 0°C.
4.2 Assays of Enzyme Activities in Cell-free Extracts
All assays were carried out in duplicate at 30°C, by 
measuring the rate of pyridine nucleotide oxidation or re­
duction, as appropriate, by the change in extinction at 340 nm, 
using a Varian Techtron 635 spectrophotometer fitted with a 
recorder.
Assay mixtures, the final volume of each of which was 1 
ml, were preincubated at 30°C for 3 min before the reactions 
were initiated by the addition of nucleotide or extract as 
indicated. Dilutions (with Sdrenson buffer) and volumes of 
the extract used were such that linear rates were obtained
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over a period of several minutes, and the rates of change 
of extinction were approximately 0.003 to 0.03 per minute.
4.2.1 Phosphofructokinase Assay
Phosphofructokinase activity was determined from the rate 
of NADH oxidation in a "coupled" system involving the follow­
ing reaction sequence:
fructose-6- + ATP --------> fructose-1,6- + ADP
phosphate PFK diphosphate
Glycerophosphate
PFK - phosphofructokinase
DHAP - dihydroxyacetone phosphate
GAP - glyceraldehyde phosphate
TPI - triosephosphate isomerase
GPDH - glycerol-3-phosphate dehydrogenase
The reaction mixture, based on that described by Sols
and Salas (1970) contained:
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Potassium phosphate buffer, pH 6.5 
MgCl2
2 5mM
5mM
2-Mercaptoethanol 
D-Fructose-6-phosphate 
AT P or 0.1 or lmM
ImM
5mM
GTP ImM
NADH 0.15mM
(Aldolase
(
0.2 units
Auxiliary
enzymes
(Glycerol-3-phosphate dehydrogenase 1 unit
(
(Triosephosphate isomerase 3 units
Cell-free extract 10-40 yl
(approx. 0.3 mg protein/ml)
Distilled water to 1 ml
The reaction was initiated by the addition of NADH.
All activities were corrected for NADH oxidation in the ab­
sence of ATP or GTP. Where specified auxiliary enzymes were 
dialysed overnight at 0°C against 200 volumes of 25mM 
potassium phosphate buffer, pH 6.5, to remove (NH1+)2S01+ in 
the preparations.
4.2.2 Glucose-6-phosphate Dehydrogenase Assay
Glucose-6-phosphate dehydrogenase activity was determined 
from the rate of NADP+ reduction in the assay system des­
cribed by Bergmeyer (1974a), and containing:
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Triethanolamine-HCl buffer, pH 7.6 86mM
MgCl2 7mM
D-Glucose-6-phosphate lmM
NADP+ 0.39mM
Cell-free extract (approx. 0.3 mg
protein/ml) 10-20 yl
Distilled water to 1 ml
The reaction was initiated by the addition of extract. 
All activities were corrected for NADP+ reduction in the 
absence of glucose-6-phosphate.
M-. 2.3 6-Phosphogluconate Dehydrogenase Assay
6-phosphogluconate dehydrogenase activity was determined 
from the rate of NADP+ reduction in the assay system des­
cribed by Pontremoli and Grazi (1970) and containing:
Glycylglycine buffer, pH 7.6 25mM
MgCl2 20mM
NADP+ 0.3mM
6-phosphogluconic acid 1.5mM
Cell-free extract (approx. 0.3 mg
protein/ml) 20-50 yl
Distilled water to 1 ml
The reaction was initiated by the addition of extract. 
All activities were corrected for NADP+ reduction in the
absence of 6-phosphogluconate.
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4.2.4 Transaldolase Assay
Transaldolase activity was determined from the rate of 
NADH oxidation in a ’’coupled” system involving the follow­
ing reaction sequence:
sedoheptulose-7-
fructose-6-phosphate + --------------> phosphate +
transaldolase
erythrose-4-phosphate glyceraldehyde-3-
phosphate
TPI
V
DHAP
NADH + H +
NAD+
glycerophosphate
The reaction mixture, based on that described by Berg­
meyer (1974a) contained:
Triethanolamine buffer, pH 7.6 
EDTA
D-Fructose-6-phosphate 
D-Erythrose-4-phosphate 
NADH
Triosephosphate isomerase
Glycerol-3-phosphate dehydrogenase
Cell-free extract (approx. 0.3 mg 
protein/ml)
Distilled water to 1 ml
81mM 
8.4mM 
5.4mM 
0.7mM 
0.21mM 
16.7 units 
0.13 units
10-20 yl
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The reaction was initiated by the addition of extract.
All activities were corrected for NADH oxidation in the 
absence of fructose-6-phosphate and erythrose-4-phosphate.
4.2.5 Transketolase Assay
Transketolase activity was determined in an assay system 
described by Kiely et_ al. (1969), in which the conversion of 
D-ribose-5-phosphate and xylulose-5-phosphate to sedoheptulose- 
7-phosphate and glyceraldehyde-3-phosphate was "coupled" to 
NADH oxidation in a series of reactions similar to those in­
volved in the assay of transaldolase activity. The reaction 
mixture contained:
Glycylglycine buffer, pH 7.4 
MgCl2
Dithiothreitol 
Thiamine pyrophosphate 
NADH
D-Ribose-5-phosphate
Xylulose-5-phosphate
Glycerol-3-phosphate dehydrogenase
Triosephosphate isomerase
Cell-free extract (approx. 0.3 mg 
protein/ml)
Distilled water to 1 ml
The reaction was initiated by the addition of extract.
All activities were corrected for NADH oxidation in the
50mM 
2.5mM 
ImM 
O.lmM 
0.13mM 
ImM 
0.2mM 
0.3 units 
1.6 units
10-20 iil
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absence of D-ribose-5-phosphate and xylulose-5-phosphate.
^•2.6 Assay of Dihydroxyacetone Phosphate Reduction Activity
Activities catalysing the reduction of dihydroxyacetone 
phosphate with either NADH or NADPH were determined from the 
rate of oxidation of the nucleotide in the assay system des­
cribed by Gancedo et al. (1968) and containing:
Imidazole-HCl buffer, pH 7.0 
NADH or NADPH
Dihydroxyacetone phosphate (DHAP)
Cell-free extract (approx. 2-4 mg 
protein/ml)
Distilled water to 1 ml
20mM 
O.lmM 
1.2mM
10-100 yl
The reaction was initiated by the addition of nucleo­
tide. All activities were corrected for the oxidation of the 
nucleotide in the absence of DHAP.
The concentration of the DHAP solution added to the assay 
was estimated on the day of use by the method described by 
Bergmeyer (1974b); the DHAP content of a suitable dilution 
of this solution was calculated from the total change in ex­
tinction at 340 nm due to the oxidation of NADH when 0.13 
units of glycerol-3-phosphate was added to a reaction mixture 
containing 200mM triethanolamine-HCl buffer (pH 7.6), 17yM 
NADH, approx. 0.01 ymoles DHAP, and distilled water to give 
a final volume of 1 ml. The reaction was carried out at 25°C*
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^•2.7 Assay of Dihydroxyacetone and Glyceraldehyde 
Reduction Activities
Activities catalysing the reduction of dihydroxyacetone 
and glyceraldehyde with NADH and NADPH were determined as 
for DHAP reduction, 12mM 1,3-dihydroxyacetone or D,L- 
glyceraldehyde being substituted for 1.2mM DHAP.
\
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RESULTS
1.0 The Effects of a., on the Growth of S. cerevisiae and ——-------------- w---------------- - ----- --------------
S. rouxii
The effects of lowering the a of the growth mediumw
by supplementing basal medium (arT 0.997) with either sodiumw
chloride or polyethylene glycol (average mol. wt. 200; PEG 
200), on the exponential growth rates of the xerotolerant 
yeast S_. rouxii and the non-tolerant S_. cerevisiae are 
shown in Fig. 1. Inoculation procedures, growth conditions 
and growth rate measurements were as described in Materials 
and Methods.
In unsupplemented basal medium the exponential growth 
rate of S_. rouxii was about half that of S_. cerevisiae.
But as Fig. 1(a) shows, increasing sodium chloride concen­
tration -in this medium has a much greater effect on the 
growth rates of S_. cerevisiae which decrease almost linearly 
with decreasing aw . Decreases in the growth rate of S_. 
rouxii are much more gradual and have a quite different 
pattern. The difference in xerotolerance between the two 
yeasts is also demonstrated by the maximum sodium chloride 
concentrations permitting growth; using a 5% inoculum grown 
in basal medium, and after 3 5 days’ incubation, S_. rouxii 
grew in medium containing 3.20 molal NaCl (aw 0.873) but 
not in that with 4.06 molal NaCl (aT7 0.853); growth of S. 
cerevisiae occurred at a concentration of 2.30 molal NaCl
(aT7 0.917) but not at 2.76 molal (aT7 0.899 ). w w
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Lowering "the of the medium with PEG 200 had similar
effects to supplementing it with salt on the growth of S.
cerevisiae. Again decreased a had much less effect on the — — ———— —  w
growth of S_. rouxii. However the pattern of growth rate
changes was different from that when sodium chloride was
present; the maximum growth rate occurred at a a ofw
approximately 0.985 rather than in basal medium (see Fig. 
1(b)).
The cell morphology of both yeasts was altered markedly 
by growth in high concentrations of salt. Above about 0.87 
molal NaCl there was an increasing occurrence of elongated 
cells, and of cell clusters and filaments which seemed to 
be due to non-separation of daughter cells after budding. 
English (19 54) reported similar changes in the cells of S_. 
rouxii grown in 2.91 M sodium chloride. Such changes did 
not occur in yeast grown in media supplemented with PEG 200.
When a loopful of a mid-exponential phase culture of 
S_. cerevisiae grown in basal medium was streaked on syn­
thetic honey agar (48% w/v glucose; aw 0.924) there was 
little if any growth. Minute (less than 0.5 mm in diameter) 
colonies sometimes appeared after 8 days1 incubation at 
30°C. Much larger colonies (2-3 mm in diameter) grew with­
in 2-3 days on plates inoculated with cultures grown in 
media adjusted to water activities of 0.97 or less, with 
either sodium chloride or PEG 200.
Figure 1(a)
Figure 1(b)
The effect of the aT7, adjusted with 
sodium chloride, of the growth medium 
on the exponential growth rates of S_. 
rouxii (A) and S. cerevisiae (A).
The effect of the a . adjusted withw
PEG 200, of the growth medium on the 
exponential growth rates of S_. rouxii 
(A) and S. cerevisiae (A).
Growth conditions and the method of determining ex­
ponential growth rates are described in Materials 
and Methods, section 2.3.
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2 *0 The Effects of the a.7 of the Growth Medium on Extra­
cellular and Intracellular Polyol Levels in Cultures 
of S. cerevisiae and S. rouxii
2.1 Changes in Intracellular Polyol Concentrations in Res­
ponse to Decreased a
The intracellular polyol concentrations were determined 
for S/ rouxii and ¡3. cerevisiae grown in basal medium and 
at several lower water activities obtained by adding sodium 
chloride or PEG 200 to this medium. The inoculation sched­
ule for growth of the yeasts was as described in Materials 
and Methods, section 2.3. For each yeast and each solute 
two experiments were carried out; in each experiment all 
"experimental” cultures to be used for polyol analyses were 
grown up from a single preinoculum culture.
Fig. 2((a) and (b)) shows that the intracellular con­
centrations of glycerol in both the xerotolerant and non­
tolerant yeasts increased markedly as the sodium chloride 
concentration of the growth medium was increased, and that, 
at the same salt concentration, glycerol levels in the two 
yeasts were similar. However, the concentrations of arabitol, 
produced only by S_. rouxii, remained quite low, fluctuating 
slightly but showing no consistent change.
The intracellular polyol concentrations (molal) were 
calculated from the intracellular polyol contents (ymoles/ 
mg dry cell mass) by assuming that water accounted for 60% 
of the total weight of cells grown in basal medium, and
Figure 2(a) The effect of the a .  adjusted with 
and (b) sodium chloride, of the growth medium
on
(a) the intracellular concentrations 
of glycerol in S_. cerevisiae
(b) the intracellular concentrations 
of glycerol and arabitol in S_. rouxii. 
For both (a) and (b) the results are 
from two experiments as described in 
the text (section 2.1).
Experiment 1 g l y c e r o l  O  —
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Experiment 2 glycerol  #  
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Figure 2(c) The effect of the a .  adjusted withw
and (d) PEG 200, of the growth medium on
(c) the intracellular concentrations 
of glycerol in S_. cerevisiae
(d) the intracellular concentrations 
of glycerol and arabitol in S_. rouxii. 
For both (c) and (d) the results are 
from two experiments as described in 
the text (section 2.1).
Experiment 1 g l y c e r o l  O  
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proportionately less in medium of lower a (Conway and 
Downey, 1950; Brown, 1974). The polyol contents of the 
extracts of cells washed with water (washing procedure as 
in Materials and Methods, section 3.1) and of the "washes”, 
were determined by quantitative paper chromatography. 
Intracellular polyol levels were estimated by adding the 
polyol contents determined for the washes to those of the 
washed cell extracts. This was necessary since, as will be 
described in the next section, considerable amounts of 
polyols were removed from the cells, especially those grown 
at low water activities, when they were washed with water.
Lowering the aw of basal medium with PEG 200 rather 
than sodium chloride had similar effects on the intracellu­
lar polyol concentrations of the yeasts (Fig. 2(c) and (d)). 
However, the intracellular glycerol concentrations of cells 
grown in PEG 200 supplemented media were slightly less than 
in those grown at similar water activities adjusted with 
sodium chloride.
2.2 The Effects of Washing Cells on Their Intracellular
Polyol Concentrations
When the cells of either yeast were washed with water 
(Materials and Methods, section 3.1) polyols were detected 
in the washes, the polyol contents increasing as the aw at 
which the cells were grown decreased. The arabitol and 
glycerol in the washes of S_. rouxii cells and glycerol in 
those from S. cerevisiae cells seemed to be due in large
14 3
part, if not completely, to leakage of the polyols from the 
cells; the levels were far too high to be accounted for by 
the polyol contents of any interstitial culture supernatant 
in the cell pellets, and microscopic examination indicated 
no obvious damage to or lysis of the cells.
Figure 3 ((a) and (b)) shows that there was little or
no polyol loss due to washing from S_. rouxii cells grown in
basal medium. As the a of the medium was lowered withw
either sodium chloride or PEG 200, increasingly greater pro­
portions of glycerol were removed by washing. This resulted 
in the glycerol contents of the washed cell extracts remain­
ing fairly constant. The arabitol contents of the washed 
cell extracts were generally higher than those of glycerol. 
The proportions of this polyol retained after washing were 
also usually greater than those of glycerol and showed no 
consistent changes for cells grown at progressively lower 
water activities. The leakage of glycerol from £3. cerevisiae 
cells due to washing was similar to that for this polyol in 
S_. rouxii (Fig. 3(c) and (d)). For each yeast and each 
solute, two experiments were carried out, each using cul­
tures grown up from a single preinoculum culture as des­
cribed in section 2.1
When cells of either yeast, grown at lower water acti­
vities, were washed with sodium chloride solutions of 
similar water activities to those of their growth media, 
polyol loss was greatly reduced (see Table 7). This 
suggests that the loss of polyols was largely due to the
Figure 3(a)
Figure 3(b)
The glycerol and arabitol contents of 
the extracts of water-washed cells 
and the washes of S_. rouxii grown in 
basal medium supplemented with NaCl to 
various final concentrations as speci­
fied.
The glycerol and arabitol contents of 
the extracts of water-washed cells and 
the washes of S_. rouxii grown at several 
water activities obtained by supple­
menting basal medium with PEG 200.
For both (a) and (b) the results shown 
are from two experiments as described in 
the text (section 2.2) 
glycerol Q  arabitol E3
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Figure 3(c)
Figure 3(d)
The glycerol contents of the extracts 
of water-washed cells and the washes 
of S>. cerevisiae grown in basal medium 
supplemented with NaCl to various final 
concentrations as specified.
The glycerol contents of the extracts 
of water-washed cells and the washes 
of S_. cerevisiae grown at several water 
activities obtained by supplementing 
basal medium with PEG 200.
For both (c) and (d) the results shown 
are from two experiments as described 
in the text (section 2.2).
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(c)
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2
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Expt. 2 Washed Cell Extracts
j ___________ I__________ I___________ I_____________ I_______________________________
0 0-43 0-87 131 1-79
NaCI Concentration (molai) in the Medium
Expt. 1 Washed Cell Extracts
+ ----1--------1
Expt. 2
Washed Cell Extracts
100 0-98 0-96 0-94 0-92
aw (adjusted with PEG 200) of the Medium
Table 7. The polyol contents of rouxii and cerevisiae cells washed with water or 
sodium chloride solutions.
Growth Medium Wash Medium 1 . 2Intracellular Polyol After Washing
o.3 uIntracellular Polyol Before Washing
S. rouxii S. cerevisiae
Basai h 2o 96.2 . 36.0
Basai containing:
0.43 molai NaCl h 2o 63.5 10.6
0.43 molai NaCl 93.5 81.4
0.87 molai NaCl h 2o 34.1 18.1
0.87 molai NaCl 91.3 86.6
1.31 molai NaCl h 2o 14.5 5.4
1.31 molai NaCl 92.8 85.3
1.79 molai NaCl h 2o 5.3 7.2
1.79 molai NaCl 95.6 69.4
3.20 molai NaCl h 2o 4.6 -
9+t
T
Table 7 (continued)
Growth Medium Wash Medium 1 . 2Intracellular Polyol After Washing
. 3Intracellular Polyol Before Washing
S. rouxii S. cerevisiae
Basal (a 0.997) w
adjusted with PEG
200 to a : w
0.985 h 2o 48.0 -
2.54 molai NaCl (a„ 0.985)w 91.9 -
0.970 h 2o 13.6 3.5
5.09 molai NaCl (a„ 0.970)w 81.0 82.3
0.940 . h 2o 20.5 3.2
10.46 molai NaCl (ar7 0.940)w 98.0 85.4
0.920 h 2o 13.7 -
13.45 molai NaCl (a 0.920)w 87.1 -
Table 7 (continued)
1. Polyols were arabitol and glycerol for Ŝ. rouxii 
and glycerol for S_. cerevisiae
2. Polyol contents (ymoles/mg dry cell mass) of cell 
washed with HjO or NaCl.
3. Polyol contents of cells washed with + polyol
contents of washes.
Washing procedures and polyol estimations as des­
cribed in Materials and Methods.
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differences in wafer potential between the cell interiors 
and the washing media.
2•3 The Extracellular and Intracellular Distribution of 
Polyols
Although intracellular glycerol concentrations in both 
S. rouxii and S. cerevisiae increased similarly as the a.,. 1 - ~ V7
of the growth medium was lowered, the means by which these 
changes were produced in the xerotolerant yeast were quite 
different from those used by its non-tolerant counterpart.
Figure' 4(a) shows the results of two experiments, in 
each of which the intracellular and extracellular glycerol 
and arabitol contents of cultures of S_. rouxii, grown in 
basal medium containing various concentrations of sodium 
chloride, were determined. In each experiment, all cultures 
used for polyol analyses were derived from a single pre­
inoculum culture as described in section 2.1 These results 
indicate that, as the aw of the growth medium was lowered 
with sodium chloride, the increases in intracellular glycerol 
contents of this yeast were mainly due to the retention of 
an increasing proportion of glycerol within the cell.
There were slight changes but no consistent increases in 
total glycerol production, that is, the sum of the intra­
cellular and extracellular glycerol contents. As the aw of 
the medium was decreased there were fluctuations in both the 
total arabitol contents of the culture and the proportions 
of the total found within the cell. However, there were no
Figure U(a) The effect of the a , adjusted with
NaCl, of the growth medium on the intra­
cellular and extracellular glycerol and 
arabitol contents of cultures of S_. 
rouxii. Results are from two experi­
ments as described in the text (section 
2.3).
glycerol □ arabitol £3
P
ol
yo
l 
C
on
te
nt
 
(y
m
ol
ea
/m
o 
dr
y 
ce
ll 
m
as
s)
150
NaCI Concentration (molai) in the Medium
m
043 087 t i l  179 230 276
m
Expt. 1
0 Intracellular
320
m
8
12
1
I
!
I
I
I
Extracellular
I
1------r
m
%
8
12
0
Expt. 2
tza
0
Intracel ular
C C S
CZ3
Extracellular
100 0 98 096 0*94 0-92
aw of the Medium
0-90 088
!
Figure M-(b) The effect of the a , adjusted with 
NaCl, of the growth medium on the 
intracellular and extracellular gly­
cerol contents of cultures of S_. cere- 
visiae. Results are from two experi­
ments as described in the text (section 
2.3).
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Figure 4(c) The effect of the aw , adjusted with
and (d) PEG 200, of the growth medium on
(c) the intracellular and extracellular 
glycerol and arabitol contents of 
cultures of S. rouxii
(d) the intracellular and extracellular 
glycerol contents of cultures of S_.
cerevisiae
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obvious responses to water stress.
The intracellular and extracellular distributions of 
the glycerol contents of cultures of ¡5. cerevisiae grown 
at several water activities in various concentrations of 
sodium chloride are shown in Fig. M-(b). As for S. rouxii 
these are the results of two experiments, in each of which 
the same preinoculum was used. In contrast to the xero- 
tolerant yeast, there were large increases in the total 
glycerol contents of the cultures with decreasing aT7 of the 
medium. These increases, rather than changes in the pro­
portions of glycerol occurring within the cells, were res­
ponsible for the progressively greater intracellular glycer­
ol contents. Fig. 4((c) and (d)) shows that lowering the
a of the growth media with PEG 200 has similar effects to w
increasing sodium chloride concentrations on the intra­
cellular and extracellular distributions of glycerol and 
arabitol in S_. rouxii, and glycerol in S_. cerevisiae. For 
each yeast there were some variations in the values obtained 
for the extracellular and intracellular polyol contents, 
both between the two experiments in which the media was 
supplemented with sodium chloride, and these and those in 
which PEG 200 was used. However, similar patterns of res­
ponse to decreased aw were obvious in all cases for each of 
the yeasts.
If the results for the intracellular and extracellular 
polyol contents are expressed in terms of their molal con­
centrations the differences between the methods of glycerol
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accumulation by the xerotolerant and non-tolerant yeasts 
are even more apparent. Fig. 5(b) shows that, for S. rouxii, 
as the sodium chloride concentration of the medium was in­
creased, the ratio of the intracellular to extracellular 
concentrations (called the "retention factor") of glycerol 
increased markedly, reaching values of several thousand at 
high sodium chloride concentrations. The arabitol retention 
factors fluctuated slightly as the salt concentration was 
increased, but their values remained relatively low and 
there was no obvious response to decreased a . Lowering the 
aw of the medium with PEG 200 had similar effects on the 
retention factors for both polyols to those when sodium 
chloride was used (Fig. 5(d)).
In contrast to S_. rouxii, the glycerol retention fac­
tors in S_. cerevisiae showed little, if any response to 
decreased aw due to the presence of high concentrations of 
either sodium chloride or PEG 200 in the growth media (Fig. 
5(a) and (c)). Thus, at low water activities at which the 
non-tolerant yeast would still grow, the glycerol concen­
tration gradients between the interiors of these cells and 
the medium were only of the order of several hundred in 
comparison with several thousand for the xerotolerant yeast.
2.4 Changes in Extracellular and Intracellular Polyol Levels
During Growth
The extracellular and intracellular polyol contents 
and the glucose concentrations in the medium of S_. rouxii
Figure 5(a) The effect of the aw , adjusted with 
and (b) NaCl, of the growth medium on the
ratios of the intracellular to extra­
cellular concentrations ("retention 
factors") of
(a) glycerol in S_. cerevisiae
(b) glycerol and arabitol in Ŝ. 
rouxii
For both (a) and (b) results are 
from two experiments as for Fig. 2(a) 
and (b).
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cultures at early log, mid-log and stationary phases are 
shown in Fig. 6(a). The cultures were grown in basal medium 
and at lower water activities by supplementing this medium 
with sodium chloride or PEG 200. The initial glucose con­
centration in all media was 27.8 mmolal.
There were marked decreases in both the extracellular 
and intracellular glycerol contents at stationary phase when 
virtually no glucose (less than 0.1 mmolal) remained in the 
medium. This indicated that there had been an uptake of 
extracellular glycerol by the cells, and consumption of this 
as well as that already in the cells. The decreases in total 
arabitol contents were not nearly as great, and were due 
mainly to decreases in its extracellular levels, intracellu­
lar levels remaining relatively constant or even increasing 
slightly. That is, there was some uptake of arabitol, but 
consumption of this polyol was much less than that of 
glycerol.
Fig. 6(b) shows that the total glycerol contents of 
cultures of S_. cerevisiae grown in similar media also de­
creased markedly when the glucose in the medium was exhausted* 
Again there were decreases in both the extracellular and 
intracellular glycerol contents indicating that some uptake 
of glycerol had occurred.
Expressing these extracellular and intracellular polyol 
levels in the cultures of the two yeasts in terms of their 
molal concentrations (see Table 8) demonstrates that, in all
158
cases, their uptakes occurred against considerable concen­
tration gradients, this being especially so for glycerol in 
S. rouxii.
Figure 6(a) The intracellular and extracellular
arabitol and glycerol contents and 
the medium glucose concentrations in 
cultures of S_. rouxii grown in
(i) basal medium
(ii) basal medium supplemented with 
NaCl to final concentrations of 0.87 
and 1.79 molal
(iii) basal medium supplemented with
PEG 200 to final av7 values of 0.97w
and 0.94-, and at
1 - early log phase
2 - mid-log phase
3 - stationary phase.
glycerol □  
arabitol E2
glucose
B
asal 
0
8
7
 
1-79 
0
 9
7
 
0
 9
4
M
edium
 
N
aC
I 
C
one 
(m
olai) 
a 
(adjusted 
w
ith 
PEG
Rotyol Content (ymotes/mg dry cell mass) 
o  o i o  cn
T T
+
ST
Ml K3
mX■iw
t
a
I M
i
i
K 1 C — 1
Intracellular
O
Medium Glucose Cono immolai)
O
T
8 8
NJCO
NJ
CO
NJ
CO
NJ
CO
Figure 6(b) The intracellular and extracellular 
glycerol contents and the medium 
glucose concentrations in cultures 
of S_. cerevisiae grown in
(i) basal medium
(ii) basal medium supplemented with 
NaCl to final concentrations of 0.87 
and 1.79 molal
(iii) basal medium supplemented with
PEG 200 to final aT7 values of 0.97w
and 0.94, and at
1 - early log phase
2 - mid-log phase
3 - stationary phase
4 - advanced stationary phase
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Table 8. The extracellular and intracellular concentrations (mmolal) of polyols in 
cultures of rouxii and S_. cerevisiae at several stages during growth in various media.
Growth Medium and Growth8- Glycerol Concentration (mmolal) Arabitol Concentration (mmolal)
Yeast Stage Extracellular Intracellular Extracellular Intracellular
S. rouxii
Basal (a 0.997) w 1 1.54 353
00.d"«—i 453
2 1.27 273 1.16 447
3 0.54 7 0.39 520
Basal containing 1 0.92 1,276 0.72 461
0.79 molal NaCl 2 1.72 1,168 1.35 519
3 0.68 36 1.12 887
Basal containing 1 0.83 2 ,424 1.03 111
1.87 molal NaCl 2 1.27 2,899 1.27 452
3 0.70 1,964 0.87 1 678
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Table 8 (continued)
Growth Medium and Growth3 Glycerol Concentration (mmolal) Arabitol Concentration (mmolal)
Yeast Stage Extracellular Intracellular Extracellular Intracellular
S . rouxii
Basal adjusted to 1 2.30 875 1.02 589
ar7 0.97 with PEG w 2 2.27 797 0.77 553
200 3 0.95 100 0.82 804
Basal adjusted to 1 6.26 642 1.37 935
a 0.94 with PEG w 2 4.37 2 ,450 1.61 2,025
200 3 2.02 101 1.54 1,384
S. cerevisiae
Basal (a 0.997) w 1 1.96 513
2 1.51 47
3 1.75 47
Basal containing 1 2.61 1,548
0.87 molal NaCl 2 7.72 1,015
3 4.42 625
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Table 8 (continued)
Growth Medium and 
Yeast
Growtha
Stage
Glycerol Concentration (mmolal)
Extracellular Intracellular
S. cerevisiae
Basal containing 1 4.57 2,710
1.79 molal NaCl 2 6.82 2,495
3 9.87 2,499
4 9.90 1,083
Basal adjusted to 1 2.56 854
ar7 0.9 7 with PEG w 2 3.43 790 •
200 3 0.81 50
Basal adjusted to 1 11.60 1,252
a 0.94 with PEG w 2 10.70 1,592
200 3 4.34 1,523
4 1.07 255
a. Growth stage - 1. early log phase 3. stationary phase
2. mid-log phase 4. advanced stationary phase
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3.0 Some Effects of a,, of "the Growth Medium on Glucose
W  1 ■ ■ I I I I I ■ ■ I I
Utilisation by S. rouxii and S. cerevisiae
3.1 Glucose Consumption During Growth at Decreased Water
Activities -
The quantity of glucose which had been consumed by S_. 
rouxii and S_. cerevisiae after various periods of growth, 
was calculated by subtracting the amount remaining, i.e. that 
in the medium as well as the small amounts in the washed cell 
extracts and washes, from that initially in the medium.
Figure 7(a) shows the effects of increasing sodium chloride 
concentration on glucose consumption by S_. rouxii and S_. 
cerevisiae as a function of the cell densities of the cul­
tures. At higher salt concentrations, glucose consumption 
by S_. cerevisiae increased, but there was little, if any, 
increase in that by the xerotolerant yeast.
Similar results were obtained when water activities of 
the growth media of the two yeasts were lowered with PEG 
200 rather than sodium chloride (Fig. 7(b)).
3.2 Glucose Utilisation for Polyol Production
The molar proportions of glucose consumption accounted 
for by polyol production by S_. rouxii grown in basal medium 
and at lower water activities in increasing concentrations 
of sodium chloride in this medium are shown in Fig. 8(a). 
These were the results of two experiments, the cultures in 
each of which had been grown up from a single preinoculum
Figure 7(a) Percentage of the initial amount of
glucose in the medium consumed as a 
function of the cell density (mg dry 
cell mass/ml culture medium) for cul­
tures of S_. rouxii and S_. cerevisiae 
grown in basal medium, and this medium 
containing 0.87 and 1.79 molal NaCl.
S. rouxii - basal medium -- #  —
- basal medium --- ■ —
containing 0.87 
molal NaCl
- basal medium --- ▲ --
containing 1.79 
molal NaCl
S_. cerevisiae - basal medium ---o --
- basal medium --- □ --
containing 0.87
molal NaCl
- basal medium --- a --
containing 1.79
molal NaCl
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Figure 7(b) Percentage of the initial amount of 
glucose in the medium consumed as a 
function of the cell density (mg dry 
cell mass/ml culture medium) for cul­
tures of S_. rouxii and S_. cerevisiae 
grown in basal medium (a 0.997), and 
this medium adjusted to aw 0.97 and
0.94 with PEG 200.
S. rouxii - basal medium
- basal medium
adjusted to
a.. 0.9 7 w
- basal medium 
adjusted to
° - 94
S_. cerevisiae - basal medium
- basal medium
adjusted to
a 0.9 7 w
- basal medium
adjusted to
a 0.94 w
-- A —
- -O- -
-
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Figure 8(a) The effect of the a .  adjusted with
and (b) sodium chloride, of the growth medium 
on
(a) the polyol yields ((moles polyol 
produced/mole of glucose consumed)%) 
of cultures of S. rouxii
(b) the glycerol yields (as above) of 
cultures of S. cerevisiae.
For both (a) and (b) the results are 
from two experiments as described in 
the text (section 3.2).
glycerol □ arabitol ^
60
40
20
0
60
40
20
0
40
20
0
40
20
01-
167
NaCI Concentration (molai) in the Medium
T---------------,------------- 1---------------1------------- — i------------------------------------ 1—
0 0-43 0-87 1-31 1-79 2-76
Expt.1
3-20
I
Expt. 2
i X
H
Expt.1
Expt. 2
=Lo 0-98
a of the MediumW
Figure 8(c) The effect of the aw , adjusted with 
and (d) PEG 200, of the growth medium on
(c) the polyol yields ((moles polyol 
produced/mole of glucose consumed)%) 
of cultures of S_. rouxii
(d) the glycerol yields (as above) of 
cultures of S. cerevisiae
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culture as described previously in section 2.1 Total 
(extracellular and intracellular) polyol contents of, and 
glucose consumption by mid-log phase cultures were deter­
mined as described in sections 2.3 and 3.1 respectively.
Approximately 30 to 40% of the glucose consumed by the 
xerotolerant yeast grown in basal medium was used for polyol 
production. As the sodium chloride concentration of the 
medium was increased polyol yields varied somewhat, but 
showed no obvious response to decreased a . In comparison, 
glycerol production by the non-tolerant yeast, S_. cerevisiae, 
accounted for only 4 to 5% of its glucose utilisation when 
it was grown in basal medium, but, as the a of the medium 
was lowered with sodium chloride, this proportion increased 
markedly as Fig. 8(b) illustrates.
Similar trends were observed for the two yeasts grown 
at progressively lower water activities in media containing 
PEG 200 (Fig. 8(c) and (d)).
3.3 Trehalose Production
Paper chromatography of the extracts of S_. cerevisiae 
cells indicated the presence, especially when the yeast was 
grown at lower water activities, of a compound tentatively 
identified as trehalose. Identification was based on (i) 
comparisons of the mobilities of the compound with those of 
trehalose in n-butanol+acetic acid+water (6:2:1) and iso- 
propanol+pyridine+acetic acid+water (8:8:1:4) solvent
systems; (ii) its slow reaction (relative to that of re­
ducing sugars) with silver nitrate, and non-reaction with 
aniline-phthalate reagents; (iii) its disappearance after 
treatment of cell extracts with 2M HC1 at 100°C for 30 
minutes (conditions sufficient to hydrolyse trehalose to 
glucose).
The intensity of the colour developed with silver nit­
rate reagent by the spot presumed to be trehalose was an 
indication of the relative concentrations of the compound in 
cell extracts, since the quantities of extracts applied 
corresponded to equal masses of dried cells. Trehalose was 
only just detectable in S_. cerevisiae cells grown in basal 
medium, but, on the basis of colour development with silver 
nitrate reagent, growth at lower water activities in media 
supplemented with sodium chloride or PEG 200 resulted in 
progressive increases in its intracellular concentrations.
Although trehalose was detectable in S_. rouxii cell ex­
tracts, its concentrations did not seem to be affected by
the a , of the growth medium.w
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^•0 The Enzymes of the Pentose Phosphate Pathway in Ex­
tracts of S. rouxii and S. cerevisiae 
^•1 The Activities of Glucose-6-phosphate Dehydrogenase, 
6-Phosphogluconate Dehydrogenase, Transaldolase and 
Transketolase in Extracts of Cells Grown in Basal 
Medium
The activities of the enzymes of the pentose phosphate 
pathway, glucose-6-phosphate dehydrogenase, 6-phosphoglucon- 
ate dehydrogenase, transaldolase and transketolase, in cell- 
free extracts of S_. rouxii and S_. cerevisiae grown in basal 
medium are shown in Table 9. Glucose-6-phosphate dehydrog­
enase, 6-phosphogluconate dehydrogenase and transketolase 
activities were all much greater (approximately three to 
five times) in the xerotolerant yeast. Transketolase acti­
vity was marginally higher though, since the results from 
only one extract preparation were available, the signifi­
cance of this could not be assessed.
4.2 The Effects of Growth in Medium Containing 1.79 Molal 
Sodium Chloride on the Activities of Glucose-6-phos­
phate Dehydrogenase and 6-Phosphogluconate Dehydrogen­
ase
When S. cerevisiae was grown in medium containing 1.79 
molal sodium chloride, the activities of glucose-6-phosphate 
dehydrogenase and 6-phosphogluconate dehydrogenase were 
greater by about two and three times respectively than in 
extracts from cells grown in basal medium (Table 10).
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Growth in similarly supplemented medium had a relatively 
minor effect on these activities in S_. rouxii; glucose-6- 
phosphate dehydrogenase activity was a little less and that 
of 6-phosphogluconate dehydrogenase only slightly greater 
than when the yeast was grown in basal medium.
Nonetheless, the activities of both enzymes were 
higher in S_. rouxii than in S_. cerevisiae whether the yeasts 
were grown in basal or sodium chloride supplemented medium, 
though the differences between the two yeasts were much less 
after growth in the latter medium.
Table 9. The activities of glucose-6-phosphate
dehydrogenase, 6-phosphogluconate dehydrogenase, 
transaldolase and transketolase in cell-free ex­
tracts of S_. rouxii and S_. cerevisiae grown in 
basal medium. Activities, expressed as nmoles 
substrate converted/min/mg protein, were deter­
mined as described in Materials and Methods, 
sections 4.2.2 to 4.2.5. Results shown are the 
means (± standard error of the mean) of the acti­
vities in the specified numbers of cell-free ex­
tract preparations.
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Number of 
Cell-free
Activity
nmoles/min/mg protein
Extract S. rouxii S. cerevisiae
Preparat­
ions Used
Glucose-6-
phosphate
dehydrogenase
4 540 ± 15 163 ± 8
6-Phosphoglucon- 
ate dehydrogen­
ase
3 218 ± 4 46 ± 4
Transaldolase 2 258 ± 50 93 ± 2
Transketolase
1
79 67
Table 10 . The effect of growing S_. rouxii and S_. 
cerevisiae in basal medium containing 1.79 molal 
sodium chloride on the activities of glucose-6 - 
phosphate dehydrogenase and 6-phosphogluconate 
dehydrogenase in cell-free extracts. Activities 
were determined as described in Materials and 
Methods, sections 4.2.2 and 4.2.3. Results shown 
are the means (± standard error of the mean) of 
the activities in four cell-free extract prepar­
ations from yeast grown in basal medium, and two 
such preparations from yeast grown in supplemented 
medium.
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Activity - nmoles/min/mg protein
S. rouxii S. cerevisiae
Basal
Medium
Basal
Medium
contain-
1.79
molai
NaCl
Basal
Medium
Basal
Medium
containing
1.79
molai
NaCl
Glucose-6-
phosphate
dehydrogenase
540 ± 1,5
1
451 ± 64 163 ± 8 316 ± 34
6-phosphoglucon- 
ate dehydrogen­
ase
—
|
; 218 ± 4 273 ± 7 46 ± 9 .146 ± 4
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5•0 Phosphofructokinase Activities in Extracts of S.
rouxii and S. cerevisiae
5•1 Phosphofructokinase Activities in Extracts of Cells
Grown in Basal Medium
The coupled assay system described in Materials and 
Methods, section 4.2.1, was used to determine phosphofructo­
kinase activities in cell-free extracts of S_. rouxii and S_. 
cerevisiae grown in basal medium. The effects of (i) the 
nature, and final concentrations in the assay, of the phos- 
phorylating substrate, i.e. 0.1 or 1 mM ATP, or 1 mM GTP, 
and (ii) the use of dialysed auxiliary enzymes, on the 
measured activities are shown in Table 11.
Initially the auxiliary enzymes used in the assay sys­
tem were ammonium sulphate suspensions of the enzyme prepar­
ations as supplied commercially, and diluted appropriately 
in the assay buffer ("untreated" auxiliary enzymes). For 
extracts from both yeasts, activities with 0.1 mM ATP were 
similar to those with 1 mM GTP, but activities in extracts 
prepared from S_. rouxii were less than in those from S_. cere­
visiae . When ATP was present at a final concentration of 
1 mM, the apparent phosphofructokinase activity in S_. rouxii 
extracts was only about 35% of that obtained with 0.1 mM 
ATP. The higher ATP concentration had a relatively small 
effect on activities in S_. cerevisiae extracts, that with 1 
mM ATP being 93% that with 0.1 mM ATP. These results suggest 
that, especially for extracts from the xerotolerant yeast, 
the higher ATP concentration inhibits phosphofructokinase
Table 11. Phosphofructokinase activities in cell- 
free extracts of S_. rouxii and S_. cerevisiae grown 
in basal medium. Activities, expressed as nmoles 
fructose-1,6-diphosphate formed/min/mg protein, 
were determined as described in Materials and 
Methods, section 4.2.1, with 0.1 mM ATP, 1 mM ATP 
or 1 mM GTP, and with ’’untreated" or dialysed 
auxiliary enzymes (as described in text). Results 
shown are the means (± standard error of the mean) 
of the activities in three cell-free extract 
preparations.
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Activity - nmoles/min/mg protein
Untreated Auxiliary Dialysed Auxiliary
Enzymes Enzymes
S. rouxii S. S. rouxii S.
cere- cere-
visiae visiae
1 mM ATP 51.5 157.4 2.43 14.0
± 8.2 ± 37.4 ± 1.2 ± 4.9
0.1 mM ATP 145.5 168.5 10.5 138.2
± 11.4 ± 20.2 ± 1.4
t
±5.8 !1
1 mM GTP 154.3 179.0 !\
± 16.9 ± 23.1 -
Activity
11
i
i
with 1 mM ATP
% 35.4% 93.4% 23.1%
)i
10.1% .
Activity
with 0.1 mM ATP
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activity. A similar concentration of GTP has no such 
effect. Thus, when assayed with 1 mM ATP, phosphofructo- 
kinase activity in S_. rouxii seemed to be only about one 
third that in S_. cerevis iae.
The values obtained for phosphofructokinase activities 
in extracts of both yeasts, and with ATP at a final concen­
tration of 0.1 mM or 1 mM, were lower when the auxiliary 
enzymes used had first been dialysed as described in 
Materials and Methods, section 4.2.1. Furthermore, in S_. 
cerevisiae extracts, activity with 1 mM ATP relative to that 
with 0.1 mM ATP was only about 10% in comparison with 93% 
when "untreated" auxiliary enzymes were used. The increase 
in the degree of ATP inhibition was much less for extracts 
from S_. rouxii; activity with 1 mM ATP decreased from 39% 
to 23% of that with 0.1 mM ATP.
The effects of increasing concentrations of ammonium 
chloride on the activity with 1 mM ATP as a percentage of 
that with 0.1 mM ATP, in assays in which dialysed auxiliary 
enzymes were used are shown in Fig. 9.
These were the results from only one cell-free extract 
preparation from each yeast rather than from three such 
preparations as was the case for the results in Table 11.
For both yeasts, activity with 1 mM ATP relative to that 
with 0.1 mM ATP increased, i.e. the degree of inhibition by 
1 mM ATP decreased, as the ammonium chloride concentration 
increased, though, at the same concentration of the salt,
Figure 9 The effect of ammonium chloride con­
centration on phosphofructokinase 
activity with ImM ATP as a percentage 
of that with 0.ImM ATP, in cell-free 
extracts of S. rouxii (A) and S. cere- 
visiae (A). Assays of phosphofructo- 
kinase activity, using dialysed aux­
iliary enzymes, were carried out as 
described in Materials and Methods,
section 4-.2.1.
Activity with 1mM ATPl 
Activity with 01 mM ATPj^
00O
“ T -
—à8
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inhibition was always greater for extracts from the xero- 
tolerant yeast. These results suggest that the increased 
degree of ATP inhibition indicated by assays in which 
dialysed auxiliary enzymes were used was due mainly to the 
low ammonium ion concentrations in these assays. Presumably 
dialysis removed all or a large proportion of the ammonium 
ions in the auxiliary enzyme preparations. Thus, the con­
centrations of these ions in assays in which such preparat­
ions were used would be much lower than when the auxiliary 
enzymes had not been dialysed. Assuming that the ammonium 
sulphate concentrations of the auxiliary enzyme suspensions 
were close to or at saturating levels, it was calculated 
that the concentrations of ammonium ions in the assays, due 
to those from the undialysed but diluted auxiliary enzyme 
preparations, would be approximately 16 mM.
5.2 The Effects of Growth in Medium Containing 1.79 Molal
Sodium Chloride on Phosphofructokinase Activities
The effects of growing S_. cerevisiae in basal medium 
containing 1.79 molal sodium chloride, on phosphofructokin­
ase activities in cell-free extracts, depended on the ATP 
concentrations in the assays (see Table 12). When ATP was 
present in the assay at a final concentration of 0.1 mM, 
activities in extracts from cells grown in medium containing 
sodium chloride were almost double those in preparations 
from cells grown in unsupplemented medium. However, there 
was a relatively minor increase in activity with 1 mM ATP. 
Thus, the percentage of activity with 1 mM ATP compared with
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that with 0.1 mM ATP decreased from about 93% for cells 
grown in basal media to 49% for those grown in the presence 
of salt.
Phosphofructokinase activities in S_. rouxii, as assayed 
in cell-free extracts, responded differently from those in 
the non-tolerant yeast, to growth in sodium chloride 
supplemented medium (see Table 12). Activities, with both 
0.1 mM and 1 mM ATP were less than for cells grown in basal 
medium. There was also a slight decrease in the degree of 
inhibition by 1 mM ATP.
p
Table 12. The effect of growing S_. rouxii and S_. 
cerevisiae in basal medium containing 1.79 molal 
sodium chloride on phosphofructokinase activities 
in cell-free extracts. Activities, expressed as 
nmoles fructose-1,6-diphosphate formed/min/mg 
protein, were determined as described in Materials 
and Methods, section 4.2.1, with 0.1 mM ATP or 
1 mM ATP, and "untreated" auxiliary enzyme prepar­
ations. Results shown are the means (± standard 
error of the mean) of the activities in three cell- 
free extract preparations from yeast grown in basal 
medium, and two such preparations from yeast grown 
in supplemented medium.
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Activity - nmoles/min/mg protein
S. rouxii S. cerevisiae
Basal Basal Basal Basal |
.Medium Medium Medium . iMedium I
contain- contain-
ing 1.79 
molal NaCl
ing 1.79 j 
molal NaCl]
1 mM ATP 51.5 36.1 157.4 174.2
± 8.2 ± 4.6 ± 37.4 ±22.7 '
0.1 mM ATP 145.5 82.5 168.5 352.7
i—1i—1 1—1+1 ± 6.1 ± 20.2 ± 32.1
Activity with 
1 mM ATP
0, 35.4% 39.2%
:
----------- ,
93.4% 49.4%0
Activity with 
0.1 mM ATP
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§•Q The Fatty Acid Compositions of S. rouxii and S. 
cerevisiae
6•1 The Fatty Acid Compositions of Yeast: Grown in Basal 
Medium
The fatty acid compositions of lipid extracts from 
mid-log phase cells of rouxii and S_. cerevisiae, grown 
in basal medium, were determined by gas-liquid chromato­
graphy as described in Materials and Methods, sections 3.7 
and 3.8. The contents of individual fatty acids, ex­
pressed as percentages of the total fatty acid contents, 
are shown in Fig. 10.
The most striking differences between the fatty acid 
compositions of the two yeasts are (i) that linoleic acid 
(Cl8*2^ could no‘t be detected in the non-tolerant yeast, 
but accounted for about 25% of the fatty acids in the xero- 
tolerant yeast, and (ii) the patterns of distribution of 
the fatty acids: the major fatty acids, in order of their 
quantitative importance, were palmitoleic (C^g.^), oleic 
(("18 * 1) and Palmitic: ( .  q ) in S_. cerevisiae , and oleic, 
linoleic and palmitic in S_. rouxii; and while palmitoleic 
acid was the main component in S_. cerevisiae, accounting 
for about 40% of the total fatty acids, it was of relat­
ively minor importance in S_. rouxii, representing only 
about 6% of the fatty acids.
More detailed examination of these data indicates 
further differences between the yeasts (see Table 13).
Figure 10 . The fatty acid compositions of S>. 
rouxii and S_. cerevisiae cells grown 
in basal medium. The contents of 
the individual fatty acids, expressed 
as percentages of the total fatty 
acid contents, were determined by 
gas-liquid chromatography of methyl­
ated fatty acids prepared from lipid 
extracts of the yeasts as described 
in Materials and Methods, sections 3.6 
and 3.7. These are the means of the 
results obtained from the analyses of 
five lipid extract preparations from 
each yeast. Each lipid extract was 
prepared from a culture grown up from 
a separate preinoculum culture.
Fatty acid notation is that convent­
ionally used:
C , where a a : b - number of carbon atoms
b - number of double bonds
C<16 ” fatty acids with less than 16
carbon atoms
S. rouxii
S. cerevisiae
. □
‘ Content of Fatty Acid 1 
Total Fatty Acid Contents)
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Table 13. Some features of the fatty acid (FA) compos­
itions of S. rouxii and S_. cerevisiae grown in basal medium, 
based on the data in Fig. 10.
S. rouxii S. cerevisiae
Sat'd FA Content
0, 20.0%
1
18.2%
!
■ '■■■■ Ü
Total FA Content
UnsatTd FA Content
% 80.0%
_____________________
81.8%
Total FA Content
Degree of Unsaturationa
1 :
I .
0.0606 ! 0.0497 :
i j
Content of 16C FAs
% 20.1% 50.6%
Total FA Content
Content of 18C FAs
%
i
!i72.6% | 40.9%
i
1
i j
Total FA Content
Average no. of C atoms 
per FA 17.1
!
i
i
i
16.5
1
% of FA (unsat'd) x no. of double bonds
a . .01 x J ---------- - ---------- —
No. of C atoms in FA
(Bulder and Reinink,
1974)
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Fatty acids containing eighteen C atoms account for a much 
greater proportion of the total content in S_. rouxii (73%) 
than in S_. cerevisiae (41%) , and the average number of C 
atoms per fatty acid (i.e. the average fatty acid chain 
length), is greater in the xerotolerant yeast. There is 
virtually no difference between the two yeasts in the per­
centages of saturated and unsaturated fatty acids they con­
tain (approximately 20% and 80% respectively). However, 
because of the presence of the polyunsaturated linoleic 
acid in S_. rouxii, the degree of unsaturation, i.e. the 
average number of double bonds per unsaturated fatty acid 
carbon atom (calculated as described in Table 13) is greater 
in the xerotolerant yeast.
6.2 The Effects of Growth at Decreased Water Activities on
Fatty Acid Composition
The fatty acid compositions of S_. rouxii and S_. cere­
visiae grown at decreased water activities in medium con­
taining sodium chloride or PEG 200, as well as in unsupple­
mented basal medium (a 0.997), are shown in Tables 14(a) tow
(d). The data in these tables were analysed statistically 
using the analysis of variance method and the "F test" to 
determine the significance of changes in fatty acid compos­
itions due to growth at decreased water activities. These 
changes are summarised in Table 15.
The only instance of a significant (at the 5% level) 
change in the contents of a fatty acid occurring in the same
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direction, and in response to increased concentrations of 
both sodium chloride and PEG 200, was that of the increase 
in the percentage of stearic acid in S_. cerevisiae.
The proportion of this fatty acid in Ŝ. rouxii in which, 
as in S_. cerevisiae, it was of minor quantitative import­
ance, also increased when the yeast was grown in PEG 200 
supplemented medium, but decreased when the growth medium 
contained sodium chloride.
Neither yeast seemed to show any other obvious respon­
ses in fatty acid composition to growth at decreased water 
activities. Other significant changes which occurred seemed 
to be solute and yeast specific, though further experiments, 
of the kind described here, would need to be carried out to 
provide more conclusive evidence for this.
Although lipids were not extracted in a strictly 
quantitative manner, the same procedure was always used.
Thus, it is probably significant that the lipid yields of 
both yeasts grown in medium containing sodium chloride (1.79 
molal) or PEG 200 (adjusted to aT7 0.940) were 40% to 90% 
greater than when they were grown in unsupplemented basal 
medium. For each yeast and each solute, these were the 
results from two lipid extract preparations.
Table 14(a). The effect of supplementing the 
growth medium with sodium chloride on the fatty 
acid composition of S_. rouxii. The contents of 
individual fatty acids are expressed as percentages 
of total fatty acid contents, and are the means of 
two experiments. In each experiment cultures grown 
in basal medium and in this medium containing 0.87 
and 1.79 molal sodium chloride were derived from 
a single preinoculum culture as described previous­
ly in Results, section 2.1. Lipid extracts were 
prepared from these cultures and their fatty acid 
compositions analysed using gas-liquid chromato­
graphy (Materials and Methods, sections 3.6 and 
3.7). For explanations of fatty acid notation and 
degree of unsaturation see Fig. 10.
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Fatty Acid Content of Fatty Acid
--------------------------- %
Total Fatty Acid Content
Basal Medium containing i.. i
0 NaCl 0.87 molai 
NaCl
1.79 molai 
NaCl
C<16 4.9 8.8 7.5
C16 :0 14.5 14.1 14.7
C16:l 5.3 4.8 5.3
C18; 0 2.7 2.5 2.1
\-1oo 1—1 
O 44.8 43.9 47.0
c 27.8 25.9 23.418:2
Degree of
Unsaturationa 0.0619 0.0606 0.0591
Average no. of
C atoms per
fatty acid . 17.3 17.0 17.1
a see Figure 13
Table 14(b). The effect of the a of the growth
W
medium, adjusted with PEG 200, on the fatty acid 
composition of S_. rouxii. The contents of individual 
fatty acids are expressed as percentages of total 
fatty acid contents, and are the means of the 
results from two experiments. For further explan­
ations and experimental details see Table 14(a).
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Fatty Acid Content of Fatty Acid
----- ---------------------- %
Total Fatty Acid Content
Basal Medium Basal Medium adjusted . 
with PEG 200 to j
aT _ 0.997 w a 0.970 w a 0.940 iW ;i
C<16 11.3 15.0 12.8 i
C16 :0 12.9 11.4 10.9
C16 :1 6.2 3.6 2.7
O • •00 1—1 
o 2.7 3.3 4.1
C18 :1 41.4 34.8 36.8
C1Q 0 24.4 31.4 31.918 :2
Degree of
Unsaturationa 0.0595 . 0.0638 0.0636
Average no. of
C atoms per
fatty acid 16.9 16.8 16.9
a . see Figure 13
Table 14(c). The effect of supplementing the 
growth medium with sodium chloride on the fatty 
acid composition of S_. cerevisiae. The contents of 
individual fatty acids are expressed as percentage 
of total fatty acid contents, and are the means of 
the results from two experiments. For further ex­
planations and experimental details see Table 14(a)
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1 Fatty Acid Content of Fatty Acid
Q,
Total
u
Fatty Acid Content
Basal Medium containing
0 NaCl 0.87 molai 
NaCl
1.79 molai 
NaCl
C<16 7.3 7.7 7.5
c16:0 11.4 12.1 10.4
c16:1 40.5 42.5 42.4
c 18:0 3.0 4.4 5.6
C ' 18:1 37.6 33.3 34.1
Degree of
Unsaturationa 0.0497 0.0485 0.0484
Average no. of 
C atoms per 
- fatty acid 16.5 16.4 16.5
a see Figure 13
Table 14(d). The effect of a of the growth 
medium, adjusted with PEG 200, on the fatty acid 
composition of ¡5. cerevisiae. The contents of 
individual fatty acids are expressed as percent­
ages of the total fatty acid content and are the 
means of the results from two experiments. For 
further explanations and experimental details
see Table 14(a).
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Fatty Acid Content of Fatty Acid
-------------------------- %
Total Fatty Acid Content
Basal Medium Basal Medium adjusted, 
with PEG 200 to
a 0.997 w a 0.970 w a 0.940 w
C _e 11.7 9.6 10.9<16
c16:0 10.1 10.7 10.3
i C1P _ 37.7 34.4 27.7i 16:1
l1! C 3.1 4.9 8.5 i; 18 :0 '
r . _ 37.3 40.4 <—1 •r-COrHOOi—1 )
Degree of
Unsaturationa . 0.0497 0.0485 0.0451 •
|
Average no. of !
C atoms per 1
fatty acid CO•CDi—1 16.5 COCDi—1
a see Figure 13
Table 15. Changes in the fatty acid compositions
of S_. rouxii and S_. cerevisiae cells grown at 
decreased water activities in media containing 
sodium chloride or PEG 200. Summary of data in 
Table 14-((a) to (d)) examined statistically by 
analysis of variance and the "F test". Level of 
significance - 5%
no significant change 
significant increase 
significant decrease
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Fatty Acid S. rouxii S. cerevisiae
Basal Medium containing
NaCl PEG 200 NaCl
;---------- 1
PEG 200
C<16 - - - -
C16 :0 - - - -
Ì
1-13
O
- 4 - -
oooI—1
O ^ ! ti t t
1—1OO 1—1 
O - - -
c18:2 4 -
Degree of 
Unsaturationa 4 -
1
4 '
Average no. of 
C atoms per 
fatty acid
i
l
a see Figure 13
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7.0 Enzyme Activities Possibly Involved in Glycerol Meta­
bolism in Cell-free Extracts from S. rouxii and S. 
cerevisiae
7.1 Activities in Extracts of Yeast Grown in Basal Medium
7.1.1 Dihydroxyacetone Phosphate Reducing Activities
Cell-free extract preparations (Materials and Methods, 
section 4.1) from both S_. rouxii and S_. cerevisiae grown in 
basal media, can catalyse the reduction of dihydroxyacetone 
phosphate (DHAP) by NADH and NADPH. However, as the data 
in Table 16 indicate, the levels of these activities differ 
considerably between the two yeasts. The results in this 
table are the means of the activities in six cell-free ex­
tract preparations from each yeast.
Activity with NADH was much greater (approximately 
eight times) in extracts from S_. cerevisiae than in those 
from S_. rouxii. On the other hand, activities with NADPH 
were about three times higher in the xerotolerant yeast.
This reflected the differences between these yeasts in the 
relative activities of their extracts with the two nucleo­
tides; in extracts from S_. cerevisiae activities with NADH 
were more than nine times those with NADPH, while prepar­
ations from S_. rouxii preferentially used NADPH, activity 
with this nucleotide being about 2.3 times that with NADH.
A feature of the NADH-dependent DHAP reducing activity 
in S_. cerevisiae was its inhibition by potassium chloride. 
This activity could not be detected with either of two cell-
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Table 16. Dihydroxyacetone phosphate (DHAP) reducing 
activities in cell-free extracts of j5. rouxii and S>. 
cerevisiae grown in basal medium. Activities were deter­
mined as described in Materials and Methods, section 
4.2.6. Results shown are the means (± standard error 
of the mean) of the activities in six cell-free extract 
preparations.
Activity
nmoles NAD(P)H oxidised/min/mg protein
-------------------
S. rouxii S. cerevisiae
—
NADH 2.89 ± C.48 CDo•+1CDCDCOCM
NADPH 6.71 ± 1.09 2.46 ± 0.30
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free extract preparations when KC1 was in the assays at a 
final concentration of 0.1M, though, under similar con­
ditions, and using the same extracts, NADPH-dependent 
activity was inhibited by only about 20%. The reduction of 
DHAP with NADH by two different S_. rouxii preparations in 
the presence of 0.1M KC1 was about 35% that in its absence, 
but reduction with NADPH was virtually unaffected.
7.1.2 Dihydroxyacetone and Glyceraldehyde Reducing 
Activities
Both NADH- and NADPH-dependent dihydroxyacetone (DHA) 
and D,L-glyceraldehyde (GA) reducing activities were de­
tected in cell-free extracts from both the non-tolerant and 
xerotolerant yeasts.
The means of these activities in four cell-free ex­
tract preparations from each yeast are shown in Table 17.
In contrast to DHAP reduction, all these activities, es­
pecially those dependent on NADPH, were greater in S_. rouxii. 
While DHA reduction by S_. cerevisiae extracts with NADH was 
almost double that with NADPH, GA reduction activity with 
NADPH was more than ten times that with NADH. However, the 
reduction of both DHA and GA by extracts from the xero­
tolerant yeast were greater with NADPH than with NADH by 
about three and thirty times respectively.
195
Table 17. Dihydroxyacetone and glyceraldehyde reducing 
activities in cell-free extracts of S. rouxii and S. 
cerevisiae grown in basal medium. Activities were deter­
mined as described in Materials and Methods, section 
M-. 2.7 . Results shown are the means (± standard error of 
the mean) of the activities in four cell-free extract 
preparations.
Activity
nmoles NAD(P)H oxidised/min/mg protein
S. rouxii S. cerevisiae
Dihydroxyacetone
NADH 3.01 ± 1.14 a­CO•o+i00LO1—1
NADPH 9.07 ± 1.29 CMCO•o+1a-00•o
D ,L-Glyceraldehyde
NADH 2.05 ± 1.07 CMCO•o+1a*CDo
NADPH 64.00 ± 10.97 10.00 ± 1.31
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7.2 The Effects of Growth at Decreased Water Activities
on Dihydroxyacetone Phosphate, Dihydroxyacetone and
Glyceraldehyde Reducing Activities
The NADH-dependent DHAP reducing activities in cell- 
free extracts of S_. cerevisiae grown at low water activities 
in medium containing sodium chloride were much greater than 
in those from cells grown in basal medium. This is illus­
trated by the results of two experiments shown in Table 
18(a). Cell-free extracts were prepared from cells grown 
in basal medium and in this medium containing sodium chlor­
ide at final concentrations of 0.87 and 1.79 molal. In 
each experiment these cultures were grown up from a single 
preinoculum culture. In both experiments there were ex­
tremely large progressive increases in the levels of this 
activity as the salt concentration of the growth medium 
was increased; activities in extracts from cells grown in 
0.87 and 1.79 molal sodium chloride were 18 or 28 and 25 or 
40 times those in preparations from cultures grown in basal 
medium.
There were also progressive, but not so large, in­
creases in this activity when the aw of the growth medium 
was lowered to 0.970 and 0.940 by supplementing basal medium 
with PEG 200 (Table 18(b)). Extracts of yeast grown at 
water activities of 0.970 and 0.940 had DHAP reducing 
activities 5 and 7 times greater respectively than that in 
the extract from a culture grown in basal medium.
However, there were no such large increases in the 
NADPH-dependent DHAP reducing activities in response to 
growth at low water activities (Tables 18(a) and (b)). 
Activities in extracts of yeast grown in supplemented med­
ium were about three times those in preparations from 
basal medium cultures.
Neither the NADH- nor NADPH-dependent DHAP reducing
activities in extracts from S_. rouxii showed any marked or
consistent changes in response to the a of the growthw
medium, whether it was adjusted with sodium chloride or 
PEG 200 (Tables 18(a) and (b)).
The DHA and GA reducing activities with both NADH and 
NADPH in extracts of S_. cerevisiae and S_. rouxii grown in 
either basal or sodium chloride supplemented medium, in two 
experiments as described for DHAP reducing activities are 
shown in Tables 19(a) and 20(a). There were relatively 
minor differences between the activities in extracts grown 
in basal and supplemented medium, and no obvious responses 
to growth at decreased water activities. This was also the 
case for these activities in the yeasts grown in medium 
containing PEG 200 (Tables 19(b) and 20(b)).
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Table 18(a). The effects of growing S_. rouxii and S. 
cerevisiae in medium supplemented with sodium chloride 
on the DHAP reducing activities in cell-free extracts. 
Activities were determined as described in Materials and 
Methods, section 4.2.6. Results shown are from two 
experiments as described in text.
Final NaCl Cone, 
(molal) in the
Activity
nmoles NAD(P)H oxidised/min/mg protein
Growth Medium, S. rouxii S. cerevisiae
and Experiment NADH NAD PH NADH NAD PH
Experiment 1. 
0 4.48 8.75 8.11 1.15 ;
0.87 1.78 9.28 144.00 3.67 ,
1.79 3.12 7.73 228.90 H.77
Experiment 2. 
0 2.34 4.30 16.11 3.27
0.87 3.48 5.78 400.56 9.49
1.79 3.04 5.17 642.30 11.83
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Table 18(b). The effects of growing S_. rouxii and S_. 
cerevisiae at decreased water activities in medium supple­
mented with PEG 200 on the DHAP reducing activities in 
cell-free extracts. Activities were determined as des­
cribed in Materials and Methods, section 4. 2.6 .
Final aTT of the w
Growth Medium
Activity
nmoles NAD(P)H oxidised/min/mg protein
S. rouxii S. cerevisiae
NADH NAD PH NADH NADPH
0.997 1.86 6.45 26.00 2.79
0.970 135.80 7.31
0.940 2.96 7.28 184.83 7.27
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Table 19(a). The effects of growing S_. rouxii and S_. 
cerevisiae in medium supplemented with sodium chloride 
on the dihydroxyacetone reducing activities in cell-free 
extracts. Activities were determined as described in 
Materials and Methods, section 4.2.7. Results shown are 
from two experiments as described in text.
Final NaCl Cone, 
(molal) in the 
Growth Medium, 
and Experiment
1
Activity
nmoles NAD(P)H oxidised/min/mg protein
S. rouxii S. cerevisiae
NADH NAD PH NADH NAD PH
Experiment 1.
!i!
il
0 4.35 12.88 1.17 0.87
0.87 0 26.33 0.80 2.74 ;
1.79 0 13.06 0 1.70 |ii
Experiment 2.
0 0.23 8.13 0.91 1.58
0.87 0.34 12.62 1.48 3.07
1.79 0.36 5.03 1.96 5.12
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Table 19(b). The effects of growing S_. rouxii and S_. 
cerevisiae at decreased water activities in medium supple­
mented with PEG 200 on the dihydroxyacetone reducing 
activities in cell-free extracts. Activities were deter­
mined as described in Materials and Methods, section 
4.2.7.
Final arT of the w
Growth Medium
Activity
nmoles NAD(P)H oxidised/min/mg protein
S. rouxii S. cerevisiae
NADH NAD PH NADH NAD PH
0.997 0 11.76 1.82 0.88
c 0.970 2.10 3.34
’ 0.940 0.37 10.93 3.30 3.59
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Table 20(a). The effects of growing S_. rouxii and S. 
cerevisiae in medium supplemented with sodium chloride 
on the glyceraldehyde reducing activities in cell-free 
extracts. Activities were determined as described in 
Materials and Methods, section 4.2.7 . Results shown are 
from two experiments as described in text.
Final NaCl Cone, 
(molal) in the 
Growth Medium, 
and Experiment
!
Activity
nmoles NAD(P)H oxidised/min/mg protein
S. rouxii S. cerevisiae
NADH NADPH NADH NADPH
'Experiment 1. i
0 2.64 87.06 0.54 CMCOOi—1
[>■COo 23.20 92.10 0 COoI—1LO
1.79 0 cn CD cn cn COCMO 44.33
Experiment 2.
0 0.27 49.42 O K> CD 13.54 '
0.87 0.68 6 6.66 0.68 22.61 |
1.79 0.81 -fr CO . cn CO 0.35 44.86
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Table 20(b). The effects of growing S_. rouxii and S_. 
cerevisiae at decreased water activities in medium supple­
mented with PEG 200 on the glyceraldehyde reducing acti­
vities in cell-free extracts. Activities were determined 
as described in Materials and Methods, section 4.2.7.
Final ar7 of the w
Growth Medium
Activity
nmoles NAD(P)H oxidised/min/mg protein
S. rouxii S. cerevisiae
NADH NAD PH NADH NAD PH
0.997 0.57 52.25 1.41 7.55
0.970 0.95 16.09
0.940 0.27 .zf-co.t—100 0.41 zt00CO \—1
1
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DISCUSSION
1•0 Possible Explanations of the Tolerance Differences 
Between S. rouxii and S. cerevisiae
S. rouxii (YA) is described as being ,Txerotolerant,T 
because of its ability to survive and even thrive at very 
low water activities, that is in relatively ’’dry” environ­
ments. S_. cerevisiae (Y41) is comparatively ”non-tolerant” 
as is indicated not only by the much higher minimum water 
activities which limit its growth, but also by the effects 
of diminishing water activities on its growth rates (see 
Anand, 1969 and this thesis). Nevertheless, it can still 
grow at water activities considerably lower than that of 
basal medium. Thus, it was possible to investigate and 
compare the responses of both yeasts to decreased water 
activities in an attempt to explain their different toler­
ances of such conditions.
Before the present investigations were commenced it 
had been reported that (i) when grown in basal medium S_. 
rouxii (YA) contained arabitol and traces of glycerol but 
no polyols could be detected in S_. cerevisiae (Y41) (Brown 
and Simpson, 1972), and (ii) the intracellular polyol con­
tent of S. rouxii (YA) increased when the aTT of the medium — ------  w
was lowered (Brown, 1974).
However, qualitative and quantitative investigations 
of the polyol contents of S. rouxii (YA) have shown that
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the increases in these when the yeast is grown at low 
water activities are due to increases in the intracellular 
concentrations of glycerol which respond directly to the 
3-w of the medium, and in a similar manner to increased 
concentrations of either sodium chloride or PEG 200. 
Arabitol concentrations remain relatively constant. Thus 
glycerol, but not arabitol, apparently acts as an osmo- 
regulator and, considering its excellent properties as a 
compatible solute (see Literature Survey, section 3.M-), 
is eminently suited for this function.
The accumulation of glycerol is not, however, suffic­
ient to explain the greater tolerance of S_. rouxii (YA). 
Glycerol also acts as an osmoregulatory solute in S3. cere- 
visiae (YM-1) , and intracellular glycerol concentrations 
are similar in both yeasts grown at the same aT7. However, 
the yeasts accumulate glycerol by different methods.
This, and the presence of arabitol in S_. rouxii (YA) may 
help to explain the different abilities of the yeasts to 
tolerate low water activities.
The similarly high intracellular concentrations of 
glycerol in Ŝ. rouxii (YA) and S_. cerevisiae (Y41) grown 
at the same low a , and in the exponential phase of growth, 
suggests that these levels of glycerol are essential for 
their growth in high solute concentrations. Hence, the 
concentration to which glycerol can be accumulated is 
likely to be an important factor in determining the minimum 
aw at which each yeast can grow.
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One might intuitively assume that increases in the
intracellular levels of glycerol will be accompanied by
increases in its production. This however, is not the
case for S_. rouxii (YA) . Even when it is growing in basal
medium it produces a considerable amount of glycerol most
of which is lost from the cell. As the a is decreasedw
the intracellular concentration of glycerol increases be­
cause a greater proportion of that already being produced 
is retained in the cell. Thus the ratio of intracellular 
to extracellular concentrations of glycerol, the so-called 
"retention factor", increases dramatically at low water 
activities; the glycerol concentration in the cell may be 
several thousand times that in the medium.
However, the osmoregulatory response of S_. cerevisiae 
(Y4-1) does involve huge increases in glycerol production 
but little or no change in its retention. Thus, the level 
to which the intracellular concentration of glycerol can 
be raised depends largely on the yeast’s capacity to pro­
duce it. As the ar, is lowered more and more of the cell's 
metabolic effort must be directed towards glycerol product­
ion at the expense of those processes necessary for the 
maintenance of viability and for growth. This is not only 
a wasteful and extravagant use of the cell’s resources 
making no contribution to its energy or normal biosynthetic 
requirements, but a relatively inefficient method of rais­
ing the intracellular levels of glycerol since only a minor 
proportion of that produced remains in the cell. Although, 
when growing in basal medium, this yeast produces much less
glycerol than S. rouxii (YA) , at low water activities, in
order to accumulate the solute to levels similar to those
in the tolerant yeast, it has to produce much more.
Eventually, as the aw is lowered a point will be reached
where it becomes impossible for the cell’s metabolic
machinery to produce sufficient glycerol for osmoregulation,
and at the same time meet the requirements for survival
and growth. In the absence of other limiting factors this
will determine the minimum a tolerated.w
Moreover, glycerol production is not the only aspect 
of metabolism affected. Both the trehalose and lipid con­
tents of the yeast increase at low water activities indi­
cating a further drain on the cell’s resources. These are 
usually considered to be storage compounds which accumulate 
when the cell’s energy reserves and nutrient supplies ex­
ceed its requirements. This is unlikely to be the case 
when glycerol is being produced in large amounts, so their 
accumulation seems to be inappropriate and a luxury the 
cell can ill-afford. In view of the increased production 
of glycerol, trehalose and lipids it is not surprising that 
glucose consumption by the growing yeast increases as the
a„ of the medium is lowered, w
It is not yet clear what determines the maximum levels 
of glycerol which can be attained in S_. rouxii (YA): 
whether there is a limit to the value of the ’’retention 
factor”, or whether instead the proportion of glycerol re­
tained increases until virtually all that being produced
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remains in the cell. However, it seems obvious that the 
ability of this yeast to accumulate glycerol without making 
any additional biosynthetic demands on the cell’s meta­
bolism must give it an advantage over S. cerevisiae (Y41).
Furthermore, as the aw is lowered, not only is there 
no increase in glycerol production by the tolerant yeast, 
but that of arabitol remains relatively constant, and 
while lipid contents increase those of trehalose do not. 
Glucose consumption also does not change and when the 
yeast is growing at a low a is similar to that when it is
W
growing in basal medium. It is possible that glycerol 
retention against very high concentration gradients in­
volves the expenditure of energy, but, overall, it seems 
likely that the effects of decreasing the environmental aw
on cellular activities and resources necessary for growth 
are much less for S_. rouxii (YA) than for S_. cerevisiae (Y4-1) . 
This is reflected in the patterns of growth rate responses 
to aw : as the aw is lowered the growth rates of S_. cere­
visiae (YM-1) decline much more sharply than do those of 
S. rouxii (YA).
The ability of S_. rouxii (YA) to produce arabitol as 
well as glycerol may also contribute to its greater toler­
ance. When the yeasts are transferred from basal medium 
to one of lower aw they must initially lose water. Thus 
they are under severe water stress until there is an influx 
of water resulting from the accumulation of glycerol (see 
Literature Survey, section 3.2). Their tolerances, then,
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depend on their survival of this dehydration phase as well 
as the levels to which they can accumulate glycerol. The 
presence of compatible solutes during this period may pro­
tect intracellular functions, especially enzyme activities, 
against the deleterious effects of low water content, and 
so help the maintenance of viability. Arabitol can act as 
a compatible solute though it is not as outstanding as 
glycerol in this regard (Simpson, 1976 ). S_. rouxii (YA)
when it is growing exponentially in basal medium contains 
similar concentrations of arabitol and glycerol. However, 
in the present investigations of tolerance, the yeasts 
were in stationary phase of growth when they were trans­
ferred to a lower a . Thus the tolerant yeast contained 
much less glycerol than arabitol since, when the glucose 
supply in the medium is exhausted, glycerol is used as a 
carbon source. S_. cerevisiae (Y41) contained negligible 
amounts of compatible solute (i.e. glycerol) when it was 
transferred from basal medium, so the presence of arabitol 
in !S. rouxii (YA) should give it an advantage in withstand­
ing the initial water stress.
If S_. cerevisiae (Y41) is grown in a concentrated 
rather than a basal medium, and then is transferred to one 
of even lower a it will contain quite high concentrations 
of glycerol and so its tolerance might be expected to im­
prove. This seems to be the case: basal medium cultures 
of this yeast grow very poorly if at all on synthetic honey 
agar (M-8% w/v glucose), but growth on the concentrated 
medium is greatly enhanced if the cultures with which it
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is inoculated are grown at a low a^ in medium supplemented 
with high concentrations of sodium chloride or PEG 200.
So far the tolerance of the yeasts has been discussed 
in terms of their abilities to adapt to low water activi­
ties rather than high concentrations of specific solutes.
The osmoregulatory response, and most of the other effects 
of growth in media containing high concentrations of sol­
utes investigated so far, are similar whether the a isw
adjusted with an ionic solute, sodium chloride, or a non­
ionic solute, PEG 200. Nonetheless, there must be some 
solute specific effects determining the respective toler­
ances of the yeasts, since both the minimum water activities 
at which they will grow and the effects of diminishing 
water activities on their growth rates depend on the 
nature of the solute (Anand, 1969 and this thesis). Fur­
thermore, it has been observed that growth in high concen-' 
trations of sodium chloride results in gross morphological 
changes in the yeasts, but lowering the aw of the growth 
medium with PEG 200 has no such effect. There are as yet 
no adequate explanations for such responses to specific
solutes.
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2.0 Aspects of Polyol Production by S. rouxii
As was suggested in the previous section, the presence 
of arabitol in S_. rouxii (YA) may enhance its ability to 
grow at low water activities. Moreover, not only is the 
production of arabitol a major physiological difference 
between this yeast and S_. cerevisiae (Y41), but among 
yeasts the production of polyols other than glycerol seems 
to be restricted to those distinguished by their abilities 
to grow in environments of low water activities (Onishi, 
1960b; Spencer, 1968; Brown and Simpson, 1972). Although 
both yeasts can produce glycerol, when they are growing in 
basal medium S_. rouxii (YA) produces much more than S_. cere­
visiae (YM-1). Indeed, the production of considerable 
amounts of glycerol by S_. rouxii (YA) , even when it is grow­
ing in basal medium, is an essential feature of its method 
of glycerol accumulation which, in turn, seems to be im­
portant to its ability to tolerate low water activities. 
Hence, an explanation of these differences between the two 
yeasts in terms of their metabolism, may lead to a better 
understanding of their tolerance differences and perhaps 
of the phenomenon in general,.
The reaction directly responsible for the synthesis of 
arabitol by S. rouxii (YA) has not, as yet, been investi­
gated. Cell-free extracts of this yeast can oxidise ara­
bitol (Simpson, 1976) and it is possible that the enzyme 
responsible also catalyses the reverse reaction resulting 
in the production of the polyol. The product of this
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oxidation, and so likely substrate for arabitol synthesis 
has not been identified, but other xerotolerant yeasts 
have been shown to contain polyol dehydrogenases able to 
reduce xylulose or D-ribulose to arabitol (see Literature 
Survey, section 4.1).
Spencer (1968) described the results of ^C-labelling 
studies with S_. rouxii which indicated that, as might be 
expected, the enzymes of the pentose phosphate pathway were 
involved in the production of arabitol. He commented that 
since non-tolerant yeasts possess all the enzymes of the 
pentose phosphate pathway, their inability to produce ara­
bitol is due to the absence of the specific polyol dehydro­
genase necessary for its synthesis. Similar reasoning can 
probably be applied to S_. cerevisiae (Y41) : it seems un­
likely that this yeast contains a polyol dehydrogenase able 
to catalyse arabitol formation though this has not been 
investigated. However, the statement requires some quali­
fication with regard to the enzymes of the pentose phosphate 
pathway: S_. cerevisiae (Y41) contains all these enzymes,
but the specific activities of glucose-6-phosphate dehydro­
genase, 6-phosphogluconate dehydrogenase and transaldolase 
are much less than they are in S>. rouxii (YA) .
Eggleston and Krebs (1974) have proposed that a major 
factor in the regulation of the pentose phosphate pathway 
is the activity of its first enzyme, glucose-6-phosphate 
dehydrogenase, and that this activity depends not only on 
the amount of enzyme in the cell, but also on the supply
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of NADP+ , and on the concentration of NADPH which acts as 
an inhibitor (Negelein and Haas, 1935). Thus while an 
increase in the number of molecules of this enzyme provides 
the potential for a more active pentose phosphate pathway, 
realisation of this depends on an increase in the utilis­
ation of NADPH.
It seems likely that NADPH utilisation by S. rouxii 
(YA) is greater than that by S_. cerevisiae (Y41). The 
available evidence suggests that NADPH supplies the reduc­
ing equivalents for polyol synthesis by the tolerant yeast. 
Arabitol oxidising activity was much greater with NADP+ 
than NAD+ (Simpson, 1976), and most "polyol dehydrogenases" 
from xerotolerant yeasts use NADPH in preference to NADH 
for polyol synthesis (see Literature Survey, section 4.1). 
The* reaction responsible for glycerol synthesis has not yet 
been identified, but it seems likely that, in contrast to 
S_. cerevisiae (Y41) (see section 4), NADPH is involved to 
a greater extent than NADH. Cell-free extracts can reduce 
dihydroxyacetone phosphate, dihydroxyacetone and glyceralde- 
hyde, and, in all cases activities with NADPH are greater 
than with NADH.
Polyol synthesis then, by oxidising that NADPH pro­
duced in excess of the cellfs normal biosynthetic require­
ments may be important for the maintenance in S_. rouxii (YA) 
of a more active pentose phosphate pathway than in Ŝ. cere­
visiae (Y41). Lewis and Smith (1967) suggested a similar 
function for the high polyol production by many fungi.
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Corina and Munday (1971) obtained evidence from 3H/ll+C 
exchange experiments that, in Aspergillus clavatus, when 
the rate of NADPH formation was high, ribitol synthesis 
acted as a "H acceptor" mechanism. In Diploida viticola 
mannitol seemed to serve a similar purpose, since the rate 
of production of the polyol was related to the activity 
of glucose-6-phosphate dehydrogenase rather than mannitol 
dehydrogenase, the enzyme directly responsible for its 
synthesis (Strobel and Kosuge, 1965). There is, as yet, 
no conclusive evidence that polyol production by S_. rouxii 
(YA) is regulated by the levels of NADPH and the activities 
of the enzymes generating it. However it is at least not 
inconsistent with this that when the yeast was grown in 
medium containing 1.79 molal sodium chloride rather than 
in unsupplemented basal medium, there were no marked changes 
either in polyol production or in the activities of either 
glucose-6-phosphate dehydrogenase or 6-phosphogluconate 
dehydrogenase, though, in similar circumstances, the acti­
vities of these enzymes in S_. cerevisiae (Y41) increased 
several fold.
If glycerol and arabitol in S_. rouxii (YA) do, in fact, 
act as "sinks" for reducing equivalents as a number of 
different polyols, especially mannitol, seem to in other 
fungi (Lewis and Smith, 1967), then their production may 
be seen partly as a consequence of rather than a reason for, 
a highly active pentose phosphate pathway. This leads one 
to suspect that the metabolic significance of the greater 
activity of this pathway in this yeast than in S_. cerevisiae
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(Y41) may not only be in the synthesis of the precursor 
of arabitol.
It has been suggested that in some species of Rhodo- 
torula and a species of Candida the pentose phosphate path­
way serves as an alternative route to the first part of 
glycolysis for the catabolism of glucose to the triosephos- 
phate level (Brady and Chambliss, 1967; Whitworth and Rat- 
ledge, 1975). Such a hypothesis seemed necessary because 
no phosphofructokinase activity could be demonstrated in 
these yeasts. Moreover, there was strong evidence to 
support such a role for this pathway: (i) glucose-6-phos­
phate dehydrogenase activities were higher than in yeasts 
such as Ŝ. cerevisiae in which phosphofructokinase activity 
was easily detected, and (ii) their high lipid production 
provided a means of oxidising NADPH and so sustaining the 
high activity of the pathway. Subsequent studies, using 
different assay techniques revealed that these yeasts did 
contain phosphofructokinase but with characteristics quite 
different from those described for the enzyme from S_. cere­
visiae and other organisms (Mazdn et al. , 19 74-; Ratledge 
and Botham, 1977). No attempt was made to interpret these 
results in terms of likely phosphofructokinase activities 
in vivo, or to compare the levels of activities with those 
in S. cerevisiae.
The pentose phosphate pathway in ¡S. rouxii. (YA) may 
have a similar role to that just proposed, with the pro­
duction of polyols being analogous to that of lipids.
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There is no difficulty in demonstrating phosphofructokinase 
in extracts of this yeast, but the measured activities 
suggest that the activity of this enzyme in vivo is lower 
than in S. cerevisiae (Y41). Activities in cell-free ex­
tracts were assayed with 0.ImM and ImM ATP, and ImM GTP, 
and in all cases were lower for the tolerant than the non­
tolerant yeast. For both yeasts the activities measured 
with ImM GTP were similar to those with 0.ImM ATP. However, 
for S_. rouxii (YA) activity with ImM ATP was only about 39% 
that with 0.ImM ATP. These findings were not unexpected 
since the inhibition of phosphofructokinase from yeast and 
many other sources by its substrate ATP is well documented 
(for a review see Hofmann, 1976). On the other hand GTP 
is not inhibitory and is often used as the phosphorylating 
substrate in assays of the yeast enzyme (Sols and Salas, 
1970). What was surprising was the relatively minor degree 
to which the activity in S_. cerevisiae (YM-1) extracts was 
inhibited by ATP; activity with ImM ATP was about 93% 
that with O.lmM. However, it has also been widely reported 
(Hofmann, 1976) that ATP inhibition is modified by several 
factors one of which is the concentration of NH^+.
The "coupled" assay system used to measure phospho­
fructokinase activities contained the auxiliary enzymes 
aldolase, triosephosphate isomerase and glycerol-3-phos­
phate dehydrogenase, which were added as crystalline sus­
pensions in saturated ammonium sulphate solutions. The 
concentration of NH^* in the assays due to these was calcu­
lated to be approximately 16mM. When the enzyme prepar­
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ations used were first dialysed to remove NH^ + the activity 
in S. cerevisiae (Y41) extracts with ImM ATP was only about 
10% that with 0.ImM ATP. These assay conditions had a 
relatively minor effect on the ATP inhibition of the acti­
vity in S. rouxii (YA) extracts. The ATP inhibition of the 
activities from both yeasts progressively decreased as the 
NH^ concentration in the assays was increased by the 
addition of ammonium chloride. However, regardless of the 
NH^ concentration, the activity from the tolerant yeast 
was always inhibited to a greater extent than that from 
the non-tolerant. Thus, the initial failure to demonstrate 
severe ATP inhibition of the activity from S_. cerevisiae 
(Y41) was probably largely due to the presence in the assay 
of a considerable concentration of NĤ "*" from the auxiliary 
enzyme preparations.
It is unlikely that NH^"1" was completely absent from 
assays in which the dialysed preparations were used since 
it has been demonstrated that this ion is essential for the 
activity of yeast phosphofructokinase (Lorenz, 1972). 
However, the activities measured in such assays were less 
than when untreated preparations were used, though the 
extent to which activities with 0.ImM ATP were reduced was 
much greater for extracts of S_. rouxii (YA) than S_. cere­
visiae (Y41). These effects of using dialysed preparations 
again seemed to be due to the low concentration of NH^ in 
the assays. The ammonium ion has been shown to act as an 
allosteric effector, enhancing the activity of yeast 
phosphofructokinase even in the absence of ATP inhibition
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(Mavis and Stellwagen, 1970).
These results strongly suggest that phosphofructokin- 
ase in rhe tolerant yeast differs at the molecular level 
from the enzyme in the non-tolerant species. Moreover, 
the phosphofructokinases in the two yeasts respond differ­
ently to growth at a low a in medium containing 1.79 molal 
sodium chloride. Even in the presence of NH^* the activity 
in extracts of £3. cerevisiae (Y41) grown in salt supple­
mented medium is severely inhibited by ATP. However the 
activities with both concentrations of ATP are greater than 
when the yeast is grown in basal medium. The activity in 
S_. rouxii (YA) extracts is inhibited by ATP to about the 
same extent as when the yeast is grown in basal medium, 
but activities with both concentrations of ATP are lower. 
These different effects of growth in a medium containing a 
high concentration of solute on the phosphofructokinases 
in the two yeasts could be due to differences in the en­
zymes themselves. However, they might also reflect differ­
ences in the responsiveness to environmental a of the 
intracellular mechanisms regulating phosphofructokinase 
activity and properties. This latter point will be dis­
cussed in section 4.
One possible explanation for the increased activity 
and sensitivity to ATP inhibition of phosphofructokinase 
in S. cerevisiae (Y41) is that the enzyme molecule is chemi­
cally modified. Hayashi et al_. (19 78) suggested that pro­
teolytic modification might be responsible for the increased
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activity but also thermolability of phosphofructokinase in 
§.• carlsbergensis grown under conditions of myo-inositol 
deficiency. Previous to this Taucher et al. (1975) had 
reported that partial proteolysis of phosphofructokina.se 
enhanced its activity by 50 to 70%. r
It is difficult to make any definitive statements from 
the results of the present investigations about the activity 
of phosphofructokinase in S_. cerevisiae (Y41) and S_. rouxii 
(YA) in vivo. The concentrations of ATP and NĤ "*" in these 
yeasts have not been investigated. Moreover, it is likely 
that these concentrations are only two of a large number 
of intracellular factors affecting activity. The activity 
of phosphofructokinase from yeast and other sources is 
modified by many effectors (Hofmann, 1976).
Nonetheless, under all the assay conditions used acti­
vities in extracts of the tolerant yeast were less than 
those in preparations from the non-tolerant species. This 
suggests that the activity of phosphofructokinase and so 
that of glycolysis in the cells of S_. rouxii (YA) is less 
than that in those of S_. cerevisiae (Y41). Thus a highly 
active pentose phosphate pathway, maintained by the regen­
eration of NADP+ in polyol synthesis, may provide a means 
for glucose to be metabolised at a faster rate than it 
would be by a glycolytic route with a relatively low level 
of activity.
This hypothesis is attractive since it suggests a role
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for polyol formation when the tolerant yeast is growing in 
basal medium. The production of glycerol and also prob­
ably that of arabitol by the yeast growing in basal medium 
is of major importance to its tolerance when it is trans­
ferred to a medium of lower a^. If these polyols are con­
sidered only in terms of their abilities to function as com­
patible solutes, then their production seems to be of no 
obvious advantage for the yeast growing at a high a , that 
is, in basal medium, especially since most of the glycerol 
is lost from the cell. It may even be seen as a liability 
since a large proportion of the glucose consumed is used 
for this purpose. However, this disadvantage might be out­
weighed by the benefits derived from the type of metabolism 
polyol production helps to sustain.
A similar explanation for polyol production might also 
be applicable to other xerotolerant yeasts. Gancedo and 
Gancedo (1971) could detect no phosphofructokinase in the 
salt-tolerant yeast Debaryomyces hansenii, and the level 
of activity in the sugar-tolerant yeast Hansenula anomola 
was relatively low. Glucose-6-phosphate dehydrogenase 
activities in both yeasts were higher than in S_. cerevisiae. 
Phosphofructokinase activity seemed to be absent from the 
sugar tolerant yeast-like fungus Moniliella tomentosa when 
its polyol yields were high, but when growth conditions 
were altered and polyol production decreased, considerable 
activity was detected (Hanssens et al., 1974).
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3.0 Glycerol Accumulation by S. rouxii
The osmoregulatory response by S. rouxii (YA) depends 
on the fact that, as the a^ of the medium is lowered, an 
increased proportion of the total glycerol in the culture 
accumulates in the cell rather than in the medium. It 
seems likely that any mechanism regulating glycerol distri­
bution in this way, and so responsible for glycerol accumu­
lation, will involve the cell membrane, though there is, 
as yet, no definitive evidence for this.
Glycerol is readily removed from the cells of this 
yeast as well as those of S_. cerevisiae (YUl) by washing 
with water. This suggests that the retention of glycerol 
by S. rouxii (YA), even when it is grown at low water acti­
vities and intracellular glycerol concentrations are several 
thousand times greater than those outside the cell, is not 
due to its being physically "bound" within the cell. At 
least under these washing conditions glycerol can freely 
diffuse across the cell membrane in the direction of in­
creasing water potential.
Assuming, then, that the cell membrane is involved, 
increased glycerol retention might be due to decreasing 
permeability of the membrane to glycerol as the aw of the 
medium is lowered. Alternatively, or in addition to this 
"passive" process, glycerol accumulation might be "active" 
with a membrane associated system using energy to retain, 
and perhaps transport glycerol against very high concen­
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tration gradients. Such a mechanism is more likely "than 
simply changes in permeability to be specific for glycerol, 
an important consideration since there is no increase in 
the retention of the larger arabitol molecule in response 
to decreased aw . On the other hand, it has been reported 
that the uptake of glycerol by many types of cells includ­
ing bacteria and mammalian erythrocytes, and the yeasts S. 
cerevisiae and C_. utilis occurs by passive diffusion rather 
than an "active" process (see Literature Survey, section 
5.2). However, the permeabilities of cell membranes to 
glycerol vary widely. This is so for the erythrocytes from 
various mammalian species (Meryman, 1971) and for some
yeasts: Gancedo et_ al. (1968) reported results suggesting
. . . 5that C. utilis is 10 times more permeable than S_. cere­
visiae to glycerol.
Vreema (1966), considering biological membranes to be 
basically phospholipid bilayers, proposed that the intrinsic 
permeability of such structures to glycerol has provided 
little evolutionary incentive for the development of an 
active transport system for this polyol. However, results 
reported by Brown (1974) suggested that glycerol uptake by 
S_. rouxii (YA) was not by simple diffusion, as seemed to 
be the case for S_. cerevisiae (Y41) but probably had an 
"active" component. He also found that lactose was vir­
tually excluded from the tolerant yeast, but was freely ad­
mitted by its non-tolerant counterpart, again by a passive 
process. The kinetics of glucose consumption, and so prob­
ably its uptake, by suspensions of these two yeasts were
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also different being apparently first-order for S_. cerevis­
iae (Y41) and zero-order for S. rouxii (YA) (Brown, 1978a). 
All these results were obtained with yeasts grown in basal 
medium, and even those concerned with glycerol transport 
may not be directly relevant to the differences in glycerol 
retention by the two yeasts, which only become marked at 
low water activities. Their significance lies in the fact 
that they indicate that the properties of the cell membranes 
in the two yeasts differ in several respects. Thus, it 
does not seem unreasonable to suggest that a further differ­
ence may be that, as the a is lowered, membrane associated
W
mechanisms related to glycerol transport or permeation or 
both may be affected in the tolerant but not the non­
tolerant yeast in such a way that glycerol retention in­
creases .
The fatty acid compositions of the yeasts also suggest 
that there are differences in the properties of their 
membranes. Longley et_ al. (1968) and Singh et al. (1978) 
have shown that the fatty acid compositions of whole 
yeasts (S_. cerevisiae and C. utilis respectively) are re­
presentative of those of their membranes. The fatty acid 
compositions of S_. rouxii (YA) and S_. cerevisiae (YM-l) , 
and so probably of their membranes differ both qualitat­
ively and quantitatively, and in a similar manner whether 
the yeasts are grown in basal medium or at a low aw . 
Supplementing the growth medium with sodium chloride or 
PEG 200 has very little effect on the fatty acid compos­
ition of either yeast and those changes which do occur
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seem to be due to the high concentration of a specific
solute rather than decreased a .w
The most striking difference between the two yeasts 
is that linoleic acid is absent from S_. cerevisiae (Y41) 
but makes up about 25% of the fatty acids in S. rouxii (YA). 
The absence of polyunsaturated fatty acids from S_. cere­
visiae (YM-1) is unusual for a eukaryotic organism (see 
Erwin, 1973) but agrees with the findings for this species 
reported by other workers, while the presence of linoleic 
acid seems to be common to most, if not all, xerotolerant 
yeasts (see Literature Survey, section M-.3). Other differ­
ences include: (i) the proportion of palmitoleic acid, 
which is the major fatty acid in S_. cerevisiae (Y4-1) account­
ing for about 4-0% of the fatty acids in this yeast but only 
about 6% of those in S_. rouxii (YA) ; Bulder and Reinink *
(1974-) found an inverse relationship between the linoleic 
acid and palmitoleic acid contents of many yeasts; (ii) 
the proportion of eighteen carbon fatty acids which was 
higher in S_. rouxii (YA) , this being reflected in the longer 
average chain length of the fatty acids in this yeast; (iii) 
the degree of unsaturation, again greater in the tolerant 
yeast due mainly to the presence of the polyunsaturated 
fatty acid.
Some of the features of the fatty acid composition of 
the tolerant yeast which distinguish it from the non­
tolerant have been reported in the literature as being 
associated with decreased membrane permeability. Walker
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and Kummerow (1964) found "there was an inverse relation 
between the linoleic acid content and permeability to 
glycerol of human erythrocytes. The results of Ishikawa 
a.nd Yoshizawa (1979) suggest there is a similar relation­
ship between the linoleic acid content of a saké yeast 
(a strain of S_. cerevisiae) and its permeability to a 
flavour ester, isoamyl acetate. The linoleic acid content 
of the yeast was increased by growing it in medium supple­
mented with the fatty acid. Johnson and Brown (1972) re­
ported that yeasts containing linoleic acid were much less 
permeable to the mutagen, acriflavine, than those which 
did not. A survey of the permeability properties of the 
erythrocytes of several mammalian species indicated that 
the membranes of those least permeable to glycerol contained 
the highest proportions of eighteen carbon fatty acids and 
had the greatest degrees of fatty acid unsaturation (Kögl 
et al., 1960).
Thus, it might be suggested that S. rouxii (YA) because 
of its fatty acid composition is less permeable than S_. 
cerevisiae (Y41) to glycerol and perhaps other substances. 
This does not imply that the large difference in glycerol 
retention by the two yeasts growing at low water activities 
is a direct result of their different fatty acid compos­
itions ; their fatty acid compositions differ in the same 
way when they are growing in basal medium, yet their gly­
cerol retention factors are quite similar. However, the 
features of the fatty acid composition of S_. rouxii (YA) 
which distinguish it from S. cerevisiae (Y41) may be
important in determining those membrane properties which 
enable the tolerant yeast to retain a greater proportion 
of glycerol as the a^ of the growth medium is lowered.
One possible approach to investigating this might be to 
study the effects on the glycerol retention and tolerance 
of S. cerevisiae (Y41) of altering its fatty acid composit­
ion to resemble more closely that of the tolerant yeast. 
This could be done by growing the yeast in medium supple­
mented with the appropriate fatty acids (see, for example, 
Ishikawa and Yoshizawa, 1979).
Fatty acids are not the only constituents of membranes 
which can influence their properties. The importance of 
sterols in determining the transport and permeability 
characteristics of membranes in general, and the yeast 
cell membrane in particular has been discussed in Litera­
ture Survey, sections 5.1 and 5.2. Investigations of this 
aspect of the compositions of S>. rouxii (YA) and S_. cere­
visiae (Y41) membranes may provide further information 
which could help to explain the differences in glycerol 
retention by the two yeasts.
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4.0 Glycerol Accumulation by S. cerevisiae
The increased glycerol production by S_. cerevisiae 
(Y41) when the aw of the medium is lowered suggests that 
osmoregulation in this yeast involves some aspect of gly­
cerol metabolism. Gancedo et al. (1968) proposed that 
glycerol production by ¡3. cerevisiae resulted from the 
actions of two enzymes they detected in crude extracts of 
the yeast: an NADH-dependent activity which reduced dihy- 
droxyacetone phosphate (DHAP) and was tentatively identified 
as L-glycerol-3-phosphate dehydrogenase, and an a-glycero- 
phosphatase which dephosphorylated the product of the 
first reaction. Cell-free extracts of S_. cerevisiae (Y41) 
can reduce DHAP and with NADPH as well as NADH, though 
activity with the former nucleotide is only about 10% that 
with the latter. It seems likely that the NADH-dependent 
activity, presumably glycerol-3-phosphate dehydrogenase, 
is involved in glycerol synthesis since it increases dram­
atically and in parallel with glycerol production when the
a of the growth medium is lowered; changes in the NADPH- w
dependent activity are relatively minor.
Both the NADH- and NADPH-dependent activities are 
severely inhibited by 0.1M KC1. The almost complete elim­
ination of the NADH-dependent activity in the presence of 
K ions at a concentration which falls within the range of 
physiological concentrations reported for i3. cerevisiae 
(Gancedo and Gancedo, 1973) seems incompatible with its 
proposed role in glycerol production. However, the con­
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comitant increases in this activity and glycerol production 
provide such strong evidence for its involvement in gly­
cerol synthesis, that is seems likely that, under intra­
cellular conditions, K+ inhibition is prevented or amelior­
ated. This aspect of DHAP-reducing activity obviously 
warrants further investigation, especially in view of the 
apparent importance of glycerol production for the growth 
of this yeast at low water activities. Gancedo et al. 
(1968) also observed this inhibition and found that it was 
not overcome by a number of metabolites they tested includ­
ing fructose-1,6-diphosphate, phosphoenolpyruvate, ADP and 
AMP. It should also be noted that the NADH- and NADPH- 
dependent DHAP reducing activities in S_. rouxii (YA) are 
not inhibited by K+ to nearly the same extent as those in 
S. cerevisiae (Y41). This suggests that, as for phospho- 
fructokinase, the enzymes responsible for these activities 
in the two yeasts may be quite different.
Glycerol can also be formed directly by the reduction 
of dihydroxyacetone or glyceraldehyde. Cell-free ex­
tracts of S_. cerevisiae (Y41) can carry out both these re­
actions and with both NADH and NADPH. However, there is 
no evidence, as there is for DHAP reducing activity, that 
glyceraldehyde or dihydroxyacetone reducing activities are 
involved in glycerol synthesis in this yeast.
Assuming, then, that glycerol synthesis in S_. cere­
visiae (YM-1) involves the NADH-dependent reduction of DHAP,
the increased glycerol production by this yeast when the
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aw of the medium is lowered is probably at least partly 
due to the concomitant increase in the level of the enzyme 
activity responsible for this reaction. As a corollary 
to this it might be suggested that there is no increase in 
glycerol production by S_. rouxii (YA) because there is no 
marked or consistent increase in response to diminished aw
in any of the enzyme activities which could be involved in 
glycerol synthesis.
This seems to explain the increased glycerol production 
by the non-tolerant but not the tolerant yeast. However, 
the basic question remains as to why decreasing the a^ of 
the growth medium affects the levels of activity of glycerol- 
3-phosphate dehydrogenase in S_. cerevisiae (YM-1) but not in 
S_. rouxii (YA) . An answer to this question probably awaits 
a more detailed description of the response in the non­
tolerant yeast.
Changes in the levels of glycerol-3-phosphate dehydro­
genase could be due to increases in the amount of enzyme 
protein or to activation of that already present. The 
former, but not necessarily the latter process, would re­
quire protein synthesis. Lowering the environmental aw 
has been shown to affect the levels of many enzyme activi­
ties in various plant cells, and, at least decreases in 
activities seem to be associated with effects on protein 
synthesis at the level of translation (see Literature Sur­
vey, section 3.3).
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Another aspect of the response in S_. cerevisiae (Y41) 
yet to be explained is the way in which lowering the 
external aw affects the as yet unidentified intracellular 
event responsible for increases in the level of glycerol-3- 
phosphate dehydrogenase activity. It may be that this 
event is regulated by the intracellular concentrations of 
protons, other ions or certain metabolites. Changes in 
the concentrations of such regulatory factors in response 
to water stress could then be considered a "signal” mediat­
ing the effects of extracellular a on intracellular pro­
cesses. At least two mechanisms might be postulated to 
account for the generation of such a signal: (i) when the 
cell is first transferred to a lower arT its intracellular 
water content decreases, so the concentration of all sol­
utes, including those which might have a regulatory funct­
ion in the present context, increase; (ii) as was dis­
cussed in Literature Survey, section 3.3, changes in ex­
ternal a., can affect the transport and permeability propert-
W
ies of cell membranes, and so may alter the efflux or in­
flux of regulatory ions or metabolites and their intra­
cellular concentrations. Another "signal” might be a 
"chemical messenger" such as cyclic AMP. Such compounds 
mediate the effects of some external agents, e.g. certain 
hormones, on intracellular processes but, as has been dis­
cussed (Literature Survey, section 3.3) there is no evidence 
that such a mechanism operates in osmoregulation.
Although neither the nature of the signal in S_. cere­
visiae (Y4-1) nor the site at which it acts has yet been
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identified, it seems obvious that such a mechanism is 
necessary for the response of the levels of glycerol-3- 
phosphate dehydrogenase activity to water stress. Thus, 
it might be suggested that S_. rouxii (YA) fails to respond 
“this way because it lacks such a mechanism. It may be 
that no "signal" is generated in this yeast when it en­
counters a lower aw . This proposition would be particu­
larly attractive if the "signal" depends on certain cell 
membrane functions since, as was discussed in the last 
section, the properties of the cell membranes of the two 
yeasts differ in a number of ways. Even if those events 
which constitute a "signal" in S_. cerevisiae (Y41) also 
occur in SA rouxii (YA) they might not act as such in the 
tolerant yeast, that is, they might not affect the metabolic 
site or sites regulating the levels of glycerol-3-phosphate 
dehydrogenase activity.
The absence of a "ar, sensitive" mechanism in S. rouxiiw — ------
(YA) might also be proposed to explain the fact that, when 
the yeasts are grown at a low a in medium containing 1.79 
molal sodium chloride the activities of glucose-6-phosphate 
dehydrogenase and 6-phosphogluconate dehydrogenase in S_. 
cerevisiae (Y4-1) increase three- to four-fold but those in 
SA rouxii (YA) show relatively minor increases. As was 
mentioned previously, the phosphofructokinases in the two 
yeasts also respond differently to growth under such con­
ditions. Furthermore, the trehalose content of and glu­
cose consumption by Ŝ. rouxii (YA) do not increase at low 
water activities as they do in S. cerevisiae (Y41). A
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crucial factor in the tolerance differences between the 
yeasts may be that S_. cerevisiae (YM-1) is more responsive
metabolically than S. rouxii (YA) to changes in a . An
-  ~ w
explanation for this may lead to a better understanding of 
xerotolerance.
Dihydroxyacetone phosphate reduction in S_. cerevisiae 
(YM-1) may be regulated not only by the amount of the rele­
vant enzyme in the cell, so-called "coarse control", but 
also by the intracellular concentrations of its substrates, 
products and effectors, often-described as "fine control". 
Very little is known as yet about the intracellular environ­
ment in S. cerevisiae (Y4-1) growing at a low a„, or the
II II -I »  W
regulation of the catalytic activity of glycerol-3-phosphate 
dehydrogenase from this yeast. However, some inferences 
may be made from studies of glycerol production by yeasts 
growing under other conditions, and the properties of the 
enzyme from other sources.
"Glycerol fermentation" by yeasts has been explained 
mainly in terms of increased DHAP reduction providing an 
alternative means for the oxidation of NADH when ethanol 
formation is "blocked" or the respiratory pathway is not 
operating (see Literature Survey, sections M-. 1 and 6.2).
It seems likely that increased glycerol production by S_. 
cerevisiae (Y4-1) growing at a low aw may depend not only on 
the increased levels of glycerol-3-phosphate dehydrogenase, 
but also on intracellular conditions such that NADH is 
oxidised in the synthesis of glycerol-3-phosphate rather
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than by the reduction of acetaldehyde or via the respir­
atory chain.
Norkrans (1968) and Brown (1975) have reported that 
respiratory activity in S_. cerevisiae decreases in res­
ponse to diminished aw> There is, as yet, no evidence of 
a "blockage" in ethanol formation in S_. cerevisiae (Y4-1) 
due to low environmental a . Brown (1978a) speculated that 
decreasing the extracellular a might affect the H+/K+
W
exchange across the yeast cell membrane resulting in in­
creases in the intracellular pH and K+ concentration. Both 
these factors favour the activity of aldehyde dehydrogenase 
(Jakoby, 1963). Aldehyde oxidation by this enzyme has a 
"double-barrel" effect on intracellular NADH levels: not 
only does it reduce the amount of acetaldehyde available 
for ethanol synthesis and so NADH oxidation, but it also 
results in the formation of more NADH. It is difficult to 
reconcile the requirement of K for the stability and 
activity of this enzyme (Bostian and Betts, 1978) with the 
severe inhibition of glycerol-3-phosphate dehydrogenase by 
similar concentrations of the ion. However, glycerol might 
be able to overcome this inhibition. Pollard and Wyn Jones
(1979) have recently reported that both glycerol and 
glycinebetaine can protect barley leaf malate dehydrogenase 
against inhibition by NaCl. The effect of glycerol on the 
KC1 inhibition of enzymes was not investigated but glycine­
betaine was able to prevent the inhibition by this salt as 
well as NaCl of some, though not all, the enzymes tested.
It has also been reported that aldehyde dehydrogenase, at
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least in vitro, requires quite high concentrations of 
glycerol as well as K+ for stability, and that glycerol 
lowers the Km for both acetaldehyde and NAD+ (Bostian and 
Betts, 1978). Furthermore, glycerol affects the kinetics 
of yeast alcohol dehydrogenase such that ethanol oxidation 
rather than acetaldehyde reduction is favoured (Myers and 
Jakoby, 1975). Such findings lead one to speculate that 
glycerol might enhance its own synthesis.
Glycerol-3-phosphate dehydrogenase from other organisms 
is inhibited by glycerol-3-phosphate (see Literature Survey, 
section 6.2) but it is not known if the enzyme from S_. cere- 
vis iae (Y41) is subject to product inhibition. Even if it 
is, such a "feed-back” mechanism might not be significant 
in regulating DHAP reduction in vivo since glycerol-3- 
phosphate might not accumulate in this yeast. Glycerol-3- 
phosphate in S_. cerevisiae has three possible fates: (i) 
triglyceride synthesis; (ii) oxidation by mitochondrial 
glycerophosphate oxidase; (iii) dephosphorylation (see 
Literature Survey, section 6.2). Triglyceride synthesis 
may be limited by the supply of fatty acids ; the increased 
lipid content of S_. cerevisiae (Y41) growing at low water 
activities may be partly due to the increased production 
of glycerol-3-phosphate. As mentioned previously, respir­
atory activity and so probably mitochondrial oxidation of 
glycerol-3-phosphate, decreases at low water activities. 
Glycerophosphatase in S_. cerevisiae has a high Km for its 
substrate, but also a high maximal velocity (Sols, 1967), 
and may "mop-up" that glycerol-3-phosphate which is not
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oxidised or used in triglyceride synthesis. Unlike glycer­
ol-3 -phosphate dehydrogenase the level of glycerophospha- 
tase does not increase under conditions of high glycerol 
production (Gancedo et_ al_. , 1968), and is probably not im­
portant in regulating glycerol synthesis.
5.0 Conclusion
The present studies of S_. rouxii (YA) and S. cere- 
visiae (Y4-1) have indicated that osmoregulation in both 
yeasts involves the accumulation of glycerol, and it has 
been suggested that the different abilities of the two 
yeasts to tolerate low water activities may be at least 
partly due to the different methods they use to attain high 
intracellular concentrations of glycerol.
However, several fundamental questions concerning osmo­
regulation in the two yeasts remain to be answered. The 
mechanism by which S_. rouxii (YA) retains a greater pro­
portion of glycerol when the aw of the growth medium is 
lowered is not yet known. Although the increased glycerol 
production by S_. cerevisiae (Y4-1) can probably be explained 
in terms of the increased specific activity of glycerol-3- 
phosphate dehydrogenase, the way in which changes in extra­
cellular a affect the intracellular levels of the enzyme w
is not understood. Furthermore, there is no adequate ex­
planation for the very different responses of the two yeasts 
to diminished a : why does S. rouxii (YA) but not S. cere- 
visiae (YM-1) retain more glycerol as the aw is lowered and, 
on the other hand, why does the level of glycerol-3-phos­
phate dehydrogenase activity increase in the non-tolerant 
but not the tolerant yeast?
It is not possible from information available at 
present to ascertain to what extent the explanations pro­
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posed here for osmoregulation in, and the tolerance 
differences between S_. rouxii (YA) and S_. cerevisiae (Y41) 
can be applied to other yeasts. Almost all studies of 
polyol production by yeasts growing in concentrated en­
vironments have reported only the effects of low a onw
extracellular polyols. As the investigations described 
here have demonstrated, this may not be a reliable indic­
ation of total polyol production or of polyol status within 
the cell. However, Gustafsson and Norkrans (1976) found 
that glycerol acted as an osmoregulator in the salt-tolerant 
yeast Debaryomyces hansenii though, in contrast to S_. 
rouxii (YA), increased intracellular concentrations of 
glycerol were due to increased production rather than 
retention.
Arabitol in S_. rouxii (YA) does not seem to act as an 
osmoregulator, and the part played by it in the xero- 
tolerance of this yeast is not as obvious as that of gly­
cerol seems to be. It may enhance the ability of this 
yeast to withstand the initial period of severe water stress 
when it is first transferred to a lower a , but its exact
W
role needs to be clarified, especially since the production 
of polyols other than glycerol seems to be a distinctive 
feature of xerotolerant yeasts.
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Response of Xerotolerant and Non-tolerant Yeasts to Water Stress
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INTRODU CTIO N
Brown & Simpson (1972) reported the general accumulation of arabitol by xerotolerant 
yeasts, but not by non-tolerant species, when they were grown in a ‘normal’ dilute medium, 
i.e. a medium with a high level of thermodynamically available water. Arabitol was accredited 
with the role of compatible solute in the water relations of the tolerant species. Brown (1974) 
reported an increase in the polyhydric alcohol content of a xerotolerant yeast, Saccharomyces 
rouxii, when grown in media in which the thermodynamic water activity (aw) was lowered by 
polyethylene glycol or by glucose. The implication was that the increased polyol content 
could be attributed to arabitol. We report here that arabitol content does not respond 
appreciably to changes in water activity, that the changed polyol content can be attributed 
to glycerol and that the non-tolerant species, Saccharomyces cerevisiae, also responds to 
diminished water activity by accumulating glycerol. There are, however, important physio­
logical differences between the two species in the mechanism of accumulation. The essential 
findings have been summarized elsewhere (Brown, 1977). The present paper contains 
experimental details in support of that summary.
METHODS
The yeasts, Sacch arom yces ro u x ii (strain y a , Anand & Brown, 1968; xerotolerant) and Saccharom yces  
cerevisiae (strain y41, Anand &  Brown, 1968; non-tolerant), were maintained and grown essentially as 
described by Anand & Brown (1968) in media adjusted to the specified water activity with sodium chloride or 
polyethylene glycol (mol. wt 200). The following inoculation schedule was used. A liquid ‘preinoculum’ 
(basal medium, aw 0-997, 50 ml) was inoculated by loop from the stock culture on an agar slope. The pre­
inoculum was incubated at 30 °C with rotary agitation for about 24 h. An ‘inoculum’ (50 or 100 ml fresh 
medium at the required experimental water activity) was then seeded with a 5% (v/v) transfer from the 
preinoculum and incubated as described above for about 15 h. This culture was used to inoculate the 
experimental culture; a 10% inoculum was used. Unless specified otherwise, the yeasts were harvested in 
mid-exponential growth phase. Before harvesting, the cultures were chilled to about 0 °C and the yeasts 
were collected by centrifugation in the cold. They were washed twice with cold water (about 5 ml per 50 to 
100 mg yeast) in the centrifuge; the washings were combined, concentrated under vacuum and freeze-dried.
Polyhydric alcohols were determined in the culture supernatant, if necessary after concentration, and in 
the washings and extracts prepared as above. Intracellular polyol was defined as the polyol contained in the 
washings of the whole yeast plus the polyol extracted from the freeze-dried yeast. Polyols were identified by 
paper chromatography (Brown & Simpson, 1972). They were estimated by quantitative chromatography on 
3MM paper in the same solvent system, followed by elution with water from the chromatogram and estima­
tion by the periodate oxidation method of Hanahan & Olley (1958). Glucose was estimated with glucose 
oxidase according to Davies &  Wayman (1973). The ‘dry mass’ of yeast used in the calculation of polyol 
yield was the mass of a freeze-dried sample, prepared as above, before extraction.
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Fig. 1. The distribution of arabitol (a ) and glycerol (b) in S a c c h a ro m y c e s  ro u x ii in response to water 
activity adjusted in growth media with polyethylene glycol (mol. wt 200). The yeast was harvested in 
mid-exponential growth phase. A, Intracellular arabitol; A, extracellular arabitol; O, intracellular 
glycerol; •, extracellular glycerol.
RESULTS A N D  D IS CUS SIO N
Figure 1 shows polyol production (intracellular and extracellular glycerol and arabitol) by 
Saccharomyces rouxii as a function of water activity adjusted with polyethylene glycol (mol. 
wt 200). These determinations were made primarily for comparison with analogous experi­
ments using sodium chloride to adjust water activity. The results of those experiments, 
which are essentially similar, have been given elsewhere (Brown, 1977). The essence of the 
response of S. rouxii to lowered water activity was to retain within the cell an increasing 
proportion of glycerol, the total amount of which did not change greatly with water activity. 
Arabitol was not appreciably affected by water activity either in the amount synthesized or 
retained. Saccharomyces cerevisiae responded to diminishing water activity by synthesizing 
much more glycerol but retaining a lower and less variable proportion of it. At approxi­
mately mid-exponential growth phase in basal medium (aw 0-997) duplicate experiments 
showed S. cerevisiae to contain 0-06 and 0-08 /¿mol glycerol (mg dry yeast)-1 whereas the 
medium contained the equivalent of 4-5 and 5-4 /¿mol glycerol (mg dry yeast)-1. At aw 0-94 
(adjusted with polyethylene glycol) the corresponding values were 1-6 and 2-5 /¿mol (mg dry 
yeast)-1 for intracellular glycerol and 7-8 and 22-2 /¿mol (mg dry yeast)-1 for extracellular 
glycerol. These results show essentially the same trend as the more detailed analyses reported 
elsewhere (Brown, 1977) for growth media adjusted with sodium chloride. A physiological 
consequence of these response patterns is apparent when the polyol yields are converted to 
concentrations and considered as ‘retention factors’ (internal concentration/external 
concentration). Over the range of aw values from 0-997 to 0-92, retention factors for S. rouxii 
corresponding to Fig. 1 increased from about 100 to 8000 for glycerol and remained at about 
100 for arabitol. The corresponding values in media adjusted with sodium chloride over the 
range of values from 0-997 to 0-873 were about 150 to 8000 for glycerol and between 350 
and 400 for arabitol. The retention factor for glycerol in S. cerevisiae increased from about 
13 at aw 0-997 to between 240 and 340 for the range of <zw values from 0-97 to 0-94. With 
sodium chloride, glycerol retention by this species also increased on the initial lowering of 
water activity from 0-997 and thereafter remained about constant. The retention factor at aw 
0-997 was about 55 and, from 0-982 to 0-936, it was of the order 300 to 400.
Thus the response of S. rouxii to water stress was at the level of glycerol permeation/trans- 
port whereas that of S. cerevisiae was metabolic. Lowering the amount of thermodynamic­
ally available water forces the non-tolerant species, S. cerevisiae, to divert a greater propor­
tion of its metabolic activity to glycerol production. This is accompanied by an increase 
in the amount of glucose consumed by the yeast during growth. For example, S. rouxii,
harvested in early- to mid-exponential growth phase (0-4 to 1-3 mg dry yeast m l-1), had 
consumed glucose up to that point in amounts within a range equivalent to 17 to 29 /¿mol 
glucose (mg dry yeast)-1. No difference was evident between cultures in basal medium 
(aw 0-997) or media adjusted to aw 0-94 with either sodium chloride or polyethylene glycol. 
Saccharomyces cerevisiae in early- to mid-exponential phase (0-4 to 0-8 mg dry yeast ml"1) 
was similar when cultured in basal medium, having a glucose consumption equivalent to 
18 to 42/¿mol glucose (mg dry yeast)-1. At aw 0-94, however, this species increased its 
glucose consumption to about 81 /¿mol glucose (mg dry yeast)-1 in media adjusted with 
sodium chloride (0-3 to 0-4 mg dry yeast ml“1) and to 53 to 61 /¿mol glucose (mg dry yeast)-1 
in media adjusted with polyethylene glycol (0-3 to 0-5 mg dry yeast m b 1). A more detailed 
and comprehensive representation of glucose consumption by the two yeasts in response to 
sodium chloride concentration has been reported by Brown (1977).
The results have two major implications for the physiology of xerotolerance in S. rouxii. 
The first is that, although arabitol can act as a ‘second line’ compatible solute (see Brown, 
1977), the important compatible solute and major osmoregulatory substance under condi­
tions of increasing dehydration is glycerol, as is to be expected from its enzymological effects 
(see Brown & Simpson, 1972; Simpson, 1976; Brown, 1977). Although arabitol can offer a 
significant degree of enzyme protection in concentrated solution, it is not as effective as 
glycerol in that respect and its intracellular concentration is not significantly regulated by 
water activity. Secondly, within the water activity limits in which it can grow, S. cerevisiae 
accumulates as much glycerol as does S. rouxii but, in spite of that, it cannot tolerate water 
activities as low as can S. rouxii. The differences in their tolerances can be attributed at least 
partly to the different methods used by the two yeasts to achieve glycerol accumulation. The 
method used by S. rouxii is conservative whereas that used by S. cerevisiae is energetically 
wasteful. A limit of tolerance of the latter species is thus presumably reached when an 
unacceptably high proportion of total metabolic activity is diverted to glycerol production. 
This interpretation is consistent with results of Anand (cited by Brown, 1976) who showed 
that addition of glycerol to a growth medium adjusted with sucrose to a limiting level of 
water activity, extended the water activity tolerance range of a number of yeasts.
The results also imply that the osmoregulatory mechanism is primarily biophysical 
(permeation/transport) in S. rouxii and primarily metabolic in S. cerevisiae. Some aspects of 
the regulatory process have been discussed elsewhere (Brown, 1977).
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